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Gels and hydrogels have attracted a great attention for potential applications in
tissue engineering, drug delivery, actuators, and soft robots. There has been a significant
progress to engineer hydrogels from both synthetic and natural precursors to be as tough
as a solid and as stretchable as a rubbery material while maintaining high water/solvent
content. Despite considerable advances in rationally designing hydrogels, our
understanding of their complex nonlinear mechanical deformation behavior is
incomplete. This is partially due to the difficulty in conducting mechanical
characterization on slippery, soft and swollen gels. Thus, it is required to develop new
experimental techniques in order to better characterize them. Further, analyzing the
experimental observations and link it with the molecular networks is an important factor.
With this perspective, in this dissertation, nonlinear mechanical properties of
different gel like materials have been investigated. We chose different gels with varied
molecular structure, from molecular gel to self-assembled copolymer gels with flexible
chains, to semiflexible polysaccharide based polymers. By developing suitable
experimental protocols, strain-stiffening behavior of these materials, similar to that

observed in biological materials, have been captured. Chain flexibility is a dominant
factor in mechanical behavior of gels. For example, gels with flexible chains dilate
orthogonal to an external shear load, whereas gels with semi-flexible chains contract
similar to biological gel-like materials. In order to investigate the failure mechanism in
our gels, cavitation rheology technique was also applied. We found that cavitation
phenomenon in gels is related to the molecular architecture of the gels. The present work
provides a better understanding of the deformation behavior of soft gels when subjected
to a large load.
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INTRODUCTION
1.1

Gels
Gels/hydrogels are composed of solid molecules (mostly a polymer) as a

dispersed component in a solvent as a dispersion medium which solid parts are connected
to form a network structure.1 Gels exhibit a viscoelastic properties where elastic behavior
is dominant.2
Polymer gels are capable of absorbing, retaining and releasing vast amounts of a
solvent as high as 99% inside their structure. Gels undergo large changes of volume
without failure of bulk structure so that they can be used as superabsorbent materials.1,2
Apart from swelling, synthesizing polymer networks with appropriate physicochemical
properties, gels can be made responsive to external stimuli such as temperature, pH,
electrical field, and light.2–6 The responsiveness of hydrogels to external stimuli makes
them ideal candidate for storage or transport of drug molecules used in drug release
devices.7–9 The drug release process may include thermally induced collapse of gel
structure, swallowing of gel structure followed by controlled diffusion of drug molecules
out of gel structure, and/or sol to gel formation and then gradual diffusion of drug out of
the formed gel structure.10 In addition to being responsive to external stimuli, the
swelling/shrinking behavior due to physical or chemical stimuli is reversible. Therefore,
gels are chemical/mechanical transducer and they are able to be designed in such a way
1

that convert chemical energy into mechanical energy and vice versa. This abrupt
reversible changes in response to the surrounding environment offers a vast potential for
making gel-based sensors, actuator or an artificial muscle, soft robots/machines, etc.
Over a past decade, there has been great advances in making super tough network
gels/hydrogels with compressive strength up to about 20 MPa (corresponding to 200 Kg
load distributed on 1 cm2 area). Due to the biocompatibility, tenability, as well as
improved mechanical strength, hydrogels have been found widespread applications in
tissue engineering, biomedical science and engineering.4,11–15 Polymer gels are subjected
to large-strain deformation during their applications. The gel deformation at large strain
is nonlinear and can often lead to failure of the material.16,17
Our understanding in deformation behavior and fracture mechanism of soft gels
are incomplete specifically when they are subjected to large strain or stress. A fracture
phenomenon based on linear elasticity in rigid solid with low yield strain was pioneered
by A. A. Griffith.18 He applied an energy balance approach to predict fracture strength.
His results predict well for very brittle materials but not applicable for ductile polymer
material. The remedy to this problem was then addressed by Irwin and Orowan.19 They
suggested there is another term other than surface energy alone for released strain energy.
They proposed when a crack propagates, strain energy was not only absorbed by creating
a new crack area but also by irreversible plastic deformation near crack tip. Fracture
mechanism is poorly understood in polymeric gels due to the complexity in their
mechanical behavior. Polymer gels are very different compared with conventional
materials. They consist of elastic polymer network within large amount of trapped
solvent molecules. They display nonlinear elasticity when subjected to large strain/stress.
2

These behaviors are very similar to most biological system which they become stiffer at
higher applied strain.
Based on type of crosslinking, gels are subdivided into two categories; physical
and chemical gels. As indicated, polymer gels can be swollen when immersed in its
solvent while holding their structure. The degree of swelling depends on the degree of
hydrophilicity of the molecules.1,2 There major categories of gels are summarized as
follow.
1.1.1

Chemical gels
Chemical gels consist of polymer chains crosslinked chemically using a crosslink

agent to form a 3D network in a solvent. Polymerization may initiate from monomer as a
precursor with a crosslink agent or crosslinking of pre-formed polymer chains in a given
solvent.20 Network defects including unwanted loop formation, entanglements are
involved in polymerization of the network, due to the problems in controlling the
chemical reactions. Most synthetic polymer gels are comprised of flexible chains (C-C
bonds) in their backbone which are completely different than biological gels which
contain array of amino acids in their chain backbone.21,22 One widely used chemical gels
is poly (acrylamide) gel.23 It is prepared by random polymerization of acrylamide as the
monomer, bifunctional crosslink agent such as bisacrylamide, and free radical
polymerization initiator components e.g. ammonium persulphate.
1.1.2

Physical gels
Physical gels are composed of physically crosslinked polymer chains to form

three-dimensional macromolecular networks.24 It includes ionic interaction,
3

hydrophobically associate, and/or helical structures which most often originated from
naturally occurring polymers. Physical gel formation most often relies on solubility of the
polymer segments which varies with parameters such as temperature, pH, and ionic
strength. For example, the double-helix formation in agar hydrogels, and the egg-box
structure in alginate hydrogels.24 The former is driven by lowering temperature where the
latter is driven by ionic strength. Hydrophobic aggregation usually occurs in amphiphilic
copolymer. The solubility parameter of either hydrophobic or hydrophilic segment alter
as a function of temperature which results in self-associated micelle-like domains in a
given solvent and temperature. For example, thermo-reversible triblock copolymer poly
methylmethacrylate-poly n-butylacrylate-poly methylmethacrylate (PMMA-PnBAPMMA) gel in a midblock selective organic solvent.25 There is an upper critical solution
temperature (UCST) associated with the endblocks, PMMA, and by lowering temperature
these end-blocks collapse to form aggregates which act as crosslinks in the resulting gel
structure. Whereas midblock, PnBA, is highly soluble at gel temperature. Another
example is thermo-reversible triblock copolymer poly ethylene oxide-poly propylene
oxide-poly ethylene oxide (PEO-PPO-PEO), commercially known as Pluronic,
hydrogels.24 There is a marked change in water solubility of the different chain blocks.
That is, a lower critical solution temperature (LCST) is associated with midblock PPO in
which by increasing temperature mid-blocks collapse to form hydrophobic micelles and
by hydrated PEO blocks around the micelles. The physical interaction including possible
hydrogen bonding between PEO chains of different micelles are consider as a network
structure. Temperature-dependent micellization and gelation depend on polymer length,
and concentration of copolymer in solution.
4

1.1.3

Molecular gels
Molecular gels can be categorized as particulate disordered structures which the

gel network consist of fibrils.26–28 In molecular gels, gel formation includes two steps,
solvation and gelation step. In solvation step, gelator molecules is dissolved in a solvent
and gelation occur by an external stimuli such as, temperature, pH, light, sound wave,
and nature of the solvent.26,28 Most often gel formation occurs at a very low concentration
of gelator molecules (~ 0.1 wt. %) to a saturated concentration regime which phase
separation happens. Sol-to-gel transition includes self-assembly of the gelator molecules
in 1D growth, to form relatively long fibers. Eventually, these fibers are connected via
physical interactions to form a 3D network and encapsulating the solvent component.
Self-assembly between gelator molecules involves specific non-covalent secondary
interactions such as hydrogen bonding, aromatic stacking, electrostatic interactions, and
van der Waals force. Usually, these aggregation is reversible especially when temperature
considered as an external stimulus. They are disassembled at elevated temperature to
form a solution and assembled upon cooling to rebuild a gel structure.29,30 Thus, these
material are considered as a great candidate to be rationally designed in order to be
responsive to a typical stimuli. For example, smart molecular gels to deliver anticancer
drugs.31
Molecular gels which also known as supramolecular gels have been widely found
in nature.26,27 For example natural proteins including fibrous actin, keratin, and collagen
gels. Motivated from nature, synthesizing short peptide derivatives have been explored to
be used as potential supramolecular materials. It can be advantageous to use short peptide
molecules, in comparison with complex long molecules with biological origins, as
5

tenability of short molecules is considered to be easier. One such a short peptide reported
extensively in the literature is aromatic peptide amphiphiles.27 As its name implies, it
contains hydrophobic and hydrophilic parts. Hydrophobic parts may include Fmoc,
Pyrene, and phenyl or other aromatic groups. And hydrophilic sequence includes short
peptide groups. Although most of the gelator molecules have been discovered by
serendipity, recent extensive work conducted to rationalize the link between gelator
molecular structure and their gel formation.32 For example, correlating gelation with
solvent parameters such as Hansen solubility parameters.32
1.2

Characterization of gels
One of the main functions of the prepared gels in applications depends on their

mechanical properties. Some of the main techniques to characterize soft materials are
summarize as follow.
1.2.1

Rheological behavior of gels
Gels have solid like rheology despite the fact that their major composition is

liquid. They are different techniques to measure mechanical properties of soft materials
such as shear rheometry, cavitation rheology which often used in this dissertation.
1.2.1.1

Shear rheology
A typical commercially available controlled strain or stress is widely used to

characterize viscoelastic materials.33 Elastic and viscous properties of an unknown
material can be determined by imposing oscillatory shear strain    0 sin t  , Where, 0
is the strain amplitude, ω is the angular frequency. The resulting shear stress can be
6

written as

 t    0  Gn ,  0 sin nt  Gn,  0 cosnt 
n:odd

, where Gꞌn and Gꞌꞌn are viscoelastic

moduli. Only odd harmonics are used in the above shear stress, due to the fact that stress
response follows odd symmetric behavior as a function of applied strain. At small strain,
the resulting stress-strain curve can be de ermined only using the first harmonic of the
t
above function. The stress-strain curves at linear material response is a line with slope of
elasticity for pure elastic solid to a circle for pure viscous liquid. In linear viscoelastic
region for soft gels, the stress-strain curves are an ellipse and shear stress can be defined
using first harmonic of the above relationship, i.e.  t    0 G  sin t  G  cos t  , Gꞌ and Gꞌꞌ
are storage and loss modulus, respectively. In nonlinear region where gels show strain
stiffening behavior, the elastic response cannot be truly modeled using only the first
harmonic as stress-strain curves are distorted from an ellipse. Therefore to better evaluate
the material response and capture true elasticity at nonlinear regime, higher order of
harmonic should be included. Ewoldt et al. demonstrated that stress response in nonlinear
regime can also be captured using Chebyshev polynomials of the first kind.34 For strain
stiffening gels e3 is always positive whereas e3 is negative for strain softening gels.
1.2.1.2

Cavitation rheology
The custom-built cavitation rheology technique includes pressurizing a defect

introduced by inserting a needle at an arbitrary location within a gel-like material and
monitoring pressure as a function of time.35 Pressure at the tip of needle increases linearly
as a function of time and reaches to the maximum, called critical pressure (Pc) following
to sudden drop which is due to the rapidly expansion of a gel. The Pc is linked with two
terms, elasticity of gel and surface energy.

7

This technique provides a local measurement of elastic modulus at any arbitrary
point in the gel and is effective in a wide length scale (0.1-1000 µm).35 Besides, the
experiment can be conducted on living tissue with no need to extract it from living host
(in vivo studies).36,37 Another advantage of this method would be investigation of elastic
instability of materials. Specifically, we can visually observe how initial crack grow
when external load reaches elastic instability. Critical energy rate can be defined from
critical pressure. The challenge though is linking Pc to the material elasticity. It was
shown that for gels which follow neo-Hookean behavior Pc  5 E  2 , where  is surface
6

rin

tension of solvent, rin is inner radius of needle and E is elastic modulus.38 For fracture
involved instability, critical energy release rate (threshold of elastically stored energy per
unit area at interface of gel-air) can be also correlated with Pc such that 𝐺𝑐 ≈
1.2.2

𝑃𝑐2 𝑟𝑠 39
.
𝜋𝐺 ′

Small-angle scattering techniques
Small-angle scattering technique either x-ray (SAXS) or neutron (SANS)

scattering has become a routine characterization method for microstructure
investigations.40,41 It can probe inhomogeneities in the nanometer to micrometer scale. A
monochromated neutron or x-ray beam passes through a sample and diffraction pattern
generated allows structural determination. Specifically, neutron scattering is sensitive to
fluctuations in the density of nuclei and x-ray scattering is sensitive to inhomogeneities in
electron densities in a sample. Different scattering angles is used to investigate various
scales from near Angstrom sizes to the micrometer sizes. Angles from 0.2° to 2° covers
low q configuration, and from 2° to 20° covers high q configuration. These angles rare
controlled by setting the distance between samples to the detector. The advantage of
8

SANS over SAXS is enhanced contrast factor as samples are deuterium labeled. Due to
the deuterium labeled, SANS can measure both density and composition fluctuations,
whereas SAXS can measure only density fluctuation. However, Neutron fluxes are lower
than x-ray fluxes. The scattering behavior are in general looks similar and a decay in
scattering intensity is observed as a function scattering vector. Data analysis of SAXS
and SANS methods is very much model dependent. Thus, SAXS or SANS analysis is
always conducted in combination with other experimental techniques to resolve the
structure.
1.2.3

Nanoscale microscopy of gel networks
Electron microscopy enhance the resolution to nanoscale due the he low

wavelength compare with visible light used in optical microscopy. Transmission electron
microscope (TEM) is capable of imaging of thin slice prepared from bulk materials.42 A
thin layer of sample is required as electron passes through it. Reflection electron
microscopes images the surfaces of solid samples called scanning electron microscope
(SEM). Another tool for imaging is atomic force microscope (AFM).43 The image is
collected by stepwise moving a probe (a sharp tip on a cantilever) relative to the sample
surface. The information of surface interactions such as attractive and repulsive forces
between them is recorded across the sample. This information then is used to be
reconstructed to form and image of the sample surface.
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1.3

Outline of objective and research
The goal of this research is to investigate nonlinear rheological behavior of soft

gels. To meet this goal several soft materials from synthetic copolymer to molecular to
natural sugar based polymer gels were chosen.
In chapter 2, we report the large-strain deformation behavior of a physically
cross-linked, swollen triblock copolymer gel, which displays unique strain-stiffening
response at large-strain. Investigations were performed using large amplitude oscillatory
shear (LAOS) and custom developed cavitation rheology techniques. Gent constitutive
equation, which considers finite extensibility of midblock, was fitted with the LAOS
data, therefore, linking the estimated parameters from LAOS analysis to the structure of
the gel. The pressure responses obtained from the cavitation experiments were modeled
using neo-Hookean and Gent constitutive equations. Our results capture the failure
behavior of a gel with finite chain extensibility, initiated from a defect within the gel.
Molecular gels are being investigated over the last few decades, however,
mechanical behavior of these self-assembled gels is not well understood, particularly,
how these materials fail at large-strain. In chapter 3, we report the gelation and
rheological behavior of a molecular gel formed by self-assembly of a low molecular
weight gelator (LMWG), di-Fmoc-L-lysine, in 1-propanol/water mixture. Gelator
molecule has two aromatic moieties and multiple hydrogen bond donors and acceptors.
Gels were prepared by solvent-triggered technique and gelation was tracked using FTIR
spectroscopy and shear rheology. FTIR spectroscopy captures the formation of hydrogen
bonding between the gelator molecules and the change in IR spectra during the gelation
process correlates with the gelation kinetics results captured by rheology. Self-assembly
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of gelator molecules leads to fiber like structure and these long fibers topologically
interact to form a gel like material. Stretched-exponential function can capture the stressrelaxation data. Stress relaxation time for these gels have been found to be long owing to
long fiber dimensions and the stretching exponent value of 1/3 indicates polydispersity in
fiber dimensions. Cavitation rheology captures fracture like behavior of these gels and
critical energy release rate has been estimated to be of the order 0.1 J/m2. Our results
provide new understanding of the rheological behavior of molecular gels and their
structural origin.
Polysaccharide based hydrogels have been used in widespread applications from
tissue engineering to food science due to their biocompatibility and for ease of gel
formation. For instance, alginate hydrogels are polysaccharide biopolymer networks
widely useful in biomedical and food applications. In their application, these hydrogels
requires to sustain large load which may results in permanent structural damage. In
chapter 4, we report nonlinear mechanical responses of ionically crosslinked alginate
hydrogels captured using large amplitude oscillatory shear experiments. Gelation was
performed in situ in a rheometer and the rheological investigations on these samples
capture the strain-stiffening behavior for these gels as a function of oscillatory strain. In
addition, negative normal stress was observed, which has not been reported earlier for
any polysaccharide networks. The magnitude of negative normal stress increases with the
applied strain amplitude and can exceed that of the shear stress at large-strain. Fitting a
constitutive relationship to the stress-strain curves reveals that the mode of deformation
involves stretching of the alginate chains and bending of both the chains and the junction
zones. The contribution of bending increases near saturation of G blocks as Ca2+
11

concentration was increased. The results presented here provide an improved
understanding of the deformation behavior of alginate hydrogels and such understanding
can be extended to other crosslinked polysaccharide networks.
In chapter 5, the nonlinear rheological properties and structural characteristics of
alginate hydrogels were investigated. Here, we mainly discussed alginate gels which
covalently formed also compared the result to the mentioned in chapter 4. Hydrogels
were prepared using both covalently and ionically crosslinking. Ionic and covalent gels
were obtained using slow calcium ion release and amide chemical reaction. Strain
stiffening and associated negative normal stress behavior is captured for both gel
networks during large amplitude oscillatory shear (LAOS) experiments, where the latter
has not been reported for chemical alginate gels. Cavitation rheology showed completely
different defect growth mechanism in ionic and chemical gels where shear modulus is
similar. Local structure of gels were characterized using small angle X-ray scattering
(SAXS). The obtained data revealed molecular structure changes which explains the
difference between varied fracture growth mechanism in ionic and chemical alginate gels.
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NONLINEAR ELASTICITY AND CAVITATION OF A TRIBLOCK COPOLYMER
GEL
This chapter adapted from a previously published paper: 1- Hashemnejad, S. M.; Kundu,
S. Nonlinear Elasticity and Cavitation of a Triblock Copolymer Gel. Soft Matter
2015, 11 (21), 4315–4325.

2.1

Introduction
Gels are chemically or physically cross-linked polymer network swollen with a

large amount of solvents. Despite large amount of solvent content, gels behave like solid
and the mechanical properties of gel can be tuned to match that of human tissues.9,15,44–46
In addition, selecting polymers with appropriate chemical structure, gels can be made
responsive to external stimuli such as temperature, pH, electrical field, and light.5,9,44–50
All these interesting properties make gels to be useful in many potential applications
including tissue engineering, drug delivery vehicles, superabsorbent, gel-based sensors,
soft robots/machines, etc.1,9,44,45,51–55 Understanding of gel mechanical properties is
essential, particularly, if the gel is expected to be mechanically deformed during its
applications. The mechanical properties of a gel depends on the polymer volume fraction;
degree, nature and strength of crosslinking; polymer chain architecture; time and length
scales involved with the diffusion of small solvent molecules in and out of the network
structure.1,45,46,48 At low-strain, the polymer chains do not deviate significantly from the
13

equilibrium conformation, as a result, the modulus almost remains constant. However,
with increasing applied-strain, the polymer chains are deformed from their equilibrium
conformation, often followed by chain-scissions or dissociation of physical bonds,
leading to failure of the material. During the large-strain deformation process, the elastic
modulus of a gel can decrease (strain-soften) or increase (strain-stiffen) before fracture
takes place.17,45,56–58 Finite-extensibility of polymer chains has been attributed to the
strain-stiffening behavior at large-strain, whereas, slippage at the entanglement points,
defects present in the free-radical polymerized network can result in strain-softening
behavior.56,57,59 However, our understanding of failure mechanism of gels at large-strain
is incomplete.
At low-strain, in linear viscoelastic region, gel mechanical properties can be
determined by conventional rheological experiments, such as small amplitude oscillatory
shear.60 In comparison, characterizing mechanical properties of a gel or any softmaterials at large-strain is challenging. This is attributed to the soft and slippery nature of
gels, for which performing conventional mechanical tests such as tensile tests are
difficult. As a result, large-strain deformation behavior of swollen gels is not well
understood and several theoretical framework and experimental methodologies are being
developed to overcome this challenge.61–69 Compression technique, in which a cylindrical
sample is compressed at different strain rates, is one of the most widely used techniques
to investigate the gel mechanical properties.68,69 This method provides interesting insight
into the gel mechanical properties.68,69 However, in these experiments the samples need
to be prepared with specific dimensions, which can be difficult to obtain for very soft
gels.
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LAOS (Large Amplitude Oscillatory Shear) experiments are increasingly being
used to evaluate the large-strain (in nonlinear viscoelastic region) behavior of soft
materials.70,71 Fourier transformation (FT) of raw stress-strain data provides a number of
parameters describing the viscoelastic response of a material in nonlinear region.72
Ewoldt et al.73 utilized the geometric interpretation of stress-strain data proposed by Cho
et al.74 and applied orthogonal Chebyshev polynomial of the first kind to describing
stress-strain responses. Here, we apply this framework to investigate the gel mechanical
properties at large-strain, therefore, linking the mathematical parameters estimated from
LAOS analysis to gel structure.
Cavitation rheology is another measurement technique to investigate the largestrain deformation behavior of polymer gels at different length scales and at any arbitrary
locations within a gel.75 This technique involves inserting a syringe-needle within a gel
and pressurizing a fluid (e.g. air, water) inside the syringe-needle to deform the gel at the
tip of the needle. Beyond a critical pressure, the gel either cavitate or fracture and the
critical pressure is related to the elasticity of the soft material and the surface energy of
the media and gel interface. Varying the needle radius allow us to investigate the
deformation behavior of soft materials as a function of length scale (~ 10 µm to 1000
µm). Cavitation rheology has been adapted to various polymer gels and biological
network.76–78However, determining the true relationship between the critical pressure, the
mechanism of cavity growth inside an elastomer or gel, and the local elastic modulus is a
complex problem,78–83 particularly for a strain-stiffening gel, as explained here. We also
attempt to model the gel cavitation phenomena using Gent model, in comparison to neoHookean models used in earlier studies.78–86
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Here, we investigate the large-strain deformation behavior of a physically
associating, thermoreversible, model gel using both LAOS and cavitation rheology. This
model gel is consisting of a triblock copolymer, poly methylmethacrylate-poly nbutylacrylate-poly methylmethacrylate (PMMA-PnBA-PMMA) dissolved in a midblock
selective solvent.58,87 Cavitation rheology measurements as a function of temperature
have been conducted. LAOS experiments capture the strain-stiffening responses of the
model gel. The estimated parameters from LAOS data describing the strain-stiffening
responses are linked to the Gent constitutive model, which considers finite chain
extensibility and the resulting strain-stiffening behavior. We applied such understanding
to explain the experimental observations from cavitation rheology. Our results capture the
failure behavior of triblock copolymer gels with finite chain extensibility, initiated from a
defect within the gel. In addition, strain-stiffening response of our gel is similar to that
observed in biological tissues and our results will also be relevant to the cavitation
phenomena observed in biological tissues.88
2.2
2.2.1

Experimental section
Materials
A triblock copolymer, PMMA-PnBA-PMMA, with end-blocks (PMMA)

molecular weight of 9000 g/mol and mid-block (PnBA) molecular weight of 53000
g/mol, was kindly provided by Kuraray Corporation. Gels with different polymer
concentrations (5, 7, and 10% v/v) were prepared by dissolving polymer of appropriate
quantity at 70 °C in 2-ethyl-1-hexanol (Fisher Scientific), a midblock selective solvent.
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2.2.2

Rheological experiments
Rheological measurements were conducted using a TA instrument HR-2

rheometer. Most of the experiments were performed using a 25 mm cone-plate geometry.
Also, 25 mm parallel-plate geometry was used to visualize the fracture of gel at largestrain. Results from both cone-plate and parallel-plate geometries did not show a
significant difference in responses. The rheometer is fitted with a Peltier system. The
samples were loaded in the rheometer in liquid state (at 50 °C) and were then cooled to
obtain gels.
2.2.3

Cavitation experiments
Cavitation experiments were performed using a custom-built set-up at 22 °C

(room temperature) and at 6 °C. An ice bath was used to maintain the temperature at 6
°C. In cavitation experiments, a syringe-needle was inserted into a gel at an arbitrary
location. The syringe-needle was connected to a syringe and the air within the system
(confined by the syringe plunger and the gel at the tip of the needle) was pressurized
using a syringe pump (New Era).
A pressure transducer (Px26 series from Omega Engineering) was used to record
the system pressure as a function of time. Images of gel deformation at the tip of the
needle were captured using a digital camera (Basler). A custom written program in
LabVIEW was used to control the experiments and to collect data and images.

17

2.3
2.3.1

Results and discussion
PMMA-PnBA-PMMA gel
A thermoreversible, physically associating model gel, studied in details by Shull

and coworkers,58,66,87,89,90 is considered in this study. Here, a PMMA-PnBA-PMMA
triblock copolymer is dissolved in a midblock selective solvent, 2-ethyl-1-hexanol. At
high temperature the polymer is completely soluble in the solvent, but as the temperature
is reduced, solubility of the PMMA end-blocks in the solvent decreases. Subsequently,
the end-blocks of multiple polymer chains self-assemble into aggregates or micelles and
these aggregates are then connected by the soluble PnBA midblock chains. As a result, a
three dimensional network structure is obtained, where the PMMA aggregates act as the
physical crosslinking points.
Transition from liquid to gel like structure with decrease of temperature was
monitored using rheological experiments (Fig. A.1).58,87 At the transition temperature,
defined as the critical micelle temperature or cmt,58,87 the elastic modulus is equal to the
viscous modulus and below the cmt elastic modulus is higher than viscous modulus, i.e.,
the sample behaves like a soft solid. Near the cmt, the aggregates are still swollen with
some amount of solvents and the relaxation process involving exchange of endblocks in
and out of the aggregates is fast. With further decrease of temperature, solubility of the
endblocks in the solvent decreases and the solvent is expelled from the aggregates.
During this process, the aggregates reach a glassy state, correspondingly, a glass
transition temperature (Tg) is observed.58,87 Below Tg, the relaxation process slows down
significantly.87,90 The long relaxation time leads to stretching of midblock to its fullystretched length before being pulled-out of the aggregates and the resulting strain18

stiffening behavior of this gel as a result of mechanical deformation. For the triblock gel
considered here, Tg is higher than the room temperature58 and the sample behaves like a
gel at the experimental temperatures of 22 °C and 6 °C. The gelation process is
thermoreversible in nature, i.e, the gel sample can be heated to liquid form and the
deformation history can be erased. It is beneficial, as a single sample can be tested
multiple times without any previous deformation history and the experimental
uncertainties caused from sample to sample variations can be minimized.
2.3.2

Large amplitude oscillatory shear (LAOS)
Dynamic oscillatory shear experiments are performed to investigate the bulk

rheological properties of soft materials and the parameters of interests are elastic
(storage) and viscous (loss) moduli. The shear stress response of a viscoelastic material
subjected to a shear strain, 

  0 sin t  ,

 t  

can be written as:70



n:odd

n

sinnt   n 

(2.1)

Where, 0 is the strain amplitude, ω is the angular frequency, τn and δn are the nth
harmonic stress amplitude and phase angle, respectively. By using trigonometric
identities it can be decomposed into a summation of elastic and viscous contribution:

 t    0  Gn ,  0 sin nt  Gn,  0 cos nt 

(2.2)

n:odd

Where Gꞌn and Gꞌꞌn are viscoelastic moduli. In linear viscoelastic region, the first
harmonic of Eq. 2.2 is enough to capture the elastic and viscous behavior of a gel, i.e., Gꞌ1
= Gꞌn (storage modulus: elastic contribution) and Gꞌꞌ1 = Gꞌꞌ (loss modulus: viscous
contribution). Plotting stress vs strain data (Lissajous-Bowditch curves) in linear regime
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yields an ellipse. At larger strain, the Lissajous-Bowditch curves are not perfectly
elliptical but distorted in nature and the stress response cannot be captured by using a
single harmonic and higher order terms of the Eq. 2.2 are needed. Thus, Gꞌ and Gꞌꞌ do not
uniquely describe the storage and loss moduli.
The stress responses can also be decomposed using Chebyshev polynomials of the
first kind as the orthogonal basis functions:73

 t    0  enTn x   0  vnTn  y 
n:odd

(2.3)

n:odd

Where Tn(x) and Tn(y) are the nth order Chebyshev polynomials of the first kind,
 0 is the strain rate amplitude, x    0 , y   0 , and en and υn are the elastic and viscous

Chebyshev coefficients, respectively. In linear viscoelastic region, the Eq. 2.3 reduces to
 (t )   0 e1T1 ( x)  0 v1T1 ( y )   0 e1 x  0 v1 y

, which is related to the Eq. 2.2 as e1 = Gꞌ1 = Gꞌ and υ1 =

Gꞌꞌ1/ω = Gꞌꞌ/ω. In the nonlinear regime, the higher order coefficients are not zero. The
sign and magnitude of the third order Chebyshev coefficients represent the strainstiffening (e3 > 0) or strain-softening (e3 < 0) and shear-thickening (υ3 > 0) or shearthinning (υ3 < 0) behavior of a material.
Using the framework discussed above the rheological responses of the triblock gel
samples were analyzed. The results from LAOS experiments, performed using a 25 mm
cone-plate geometry (the results are independent of geometry; Fig. A.2) at 22 °C and at a
frequency (ω) of 1 rad/s, are shown in Figures 2.1a and 2.1b. Figure 2.1a displayed the
storage modulus, Gꞌ1, and loss modulus, Gꞌꞌ1, estimated by the rheometer software. Both
in linear and nonlinear regions, these values were obtained by considering the first
harmonic only. Gꞌ1 values are much higher than Gꞌꞌ1, confirming the gel (soft-solid) like
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behavior of our system. Also, at large-strain, Gꞌ1 values increase with the increase of
strain, indicating the strain-stiffening nature of this gel. The corresponding stress-strain
curves (Lissajous-Bowditch curves) are shown in Figure 1b. The results clearly reveal the
transition from linear to non-linear responses, as the elliptical stress-strain responses
become distorted with increasing strain amplitude. Strain amplitude 0 < 39 %,
represents the linear viscoelastic region (up to the point 13 in Fig. 2.1b). For larger strain
values, a transition from linear to non-linear responses takes places and higher harmonics
are required to capture the stress responses, as Gꞌ1 underestimates the elastic modulus
values. Therefore, we estimated the third-order Chebyshev coefficients, e3, using
MITlaos software. As shown in Figure 2.1c, e3 have positive values in the non-linear
region, confirming the strain-stiffening response of the gel.
The effect of frequency on storage and loss moduli in both linear and non-linear
viscoelastic regions are also investigated (Fig. A.3). Similar to strain-sweep tests, Gꞌ1
values are found to be much higher than that of Gꞌꞌ1. Also, Gꞌ1 increases slightly with the
increasing frequency. Both these observations are typical to gel like materials.91
Frequency dependency of moduli decreases as the temperature was decreased from 22 °C
to 6 °C. Reduction of temperature results in increase of relaxation time and the gel
behave more elastically.
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Figure 2.1

Linear and non-linear viscoelastic responses of a PMMA-PnBA-PMMA
triblock copolymer gel with polymer volume fraction (ϕ) of 0.05.

a) The closed and open symbols are storage (Gꞌ1) and loss (Gꞌꞌ1) moduli estimated by the rheometer
software. The solid line is e1, predicted from Gent model (Eq. 2.7) considering maximum stretch ratio (λm)
of 380%. b) Lissajous-Bowditch curves as a function of strain. c) Closed symbols are the third Chebyshev
coefficients (e3) estimated form experimental data and the solid line is the prediction of Gent model (Eq.
2.8). Experiments were performed at 22°C and at a frequency (ω) of 1 rad/s.
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Changes in stress-stain responses with increasing frequency and strain amplitude
provide us some interesting insights. Figure 2.2 displays stress-strain responses over a
frequency (ω) range of 1 rad/s to 30 rad/s (higher frequency data not considered due to
the inertia effect of a stress-controlled rheometer) and strain amplitude (0) range of 10 %
to 200 %. Each curve is provided with the corresponding e3 and Gꞌ1 values. In linear
viscoelastic region, for 0 = 10 %, e3 is equal to zero up to a frequency of 10 rad/s, and a
small positive value is observed at higher frequencies. At higher strain value, such as 0 =
200%, a significant increase of e3 (as high as 3 times) is observed with increasing
frequency, i.e, the strain-stiffening response enhances with increasing frequency. At high
frequencies there will not be enough time for the exchange of PMMA end blocks in and
out of the aggregates and the enhancement of strain-stiffening takes place.
Gent model: For elastic materials, strain energy functions (W) relate the extension
ratio (λ) to elastic energy.60,80,92 The strain energy function for Gent model, considering
finite chain-extensibility is:93

W 


EJm 
G J
J 
J 
ln 1  1    lin m ln 1  1 
6
2
 Jm 
 Jm 

(2.4)

Where, E is the Young’s modulus, J1 = λ12 + λ22 + λ32 – 3 (λis are the extension
ratios in the principal stretch directions), Jm corresponds to the maximum extensibility or
maximum chain extension, λm; Glin is the linear elastic modulus and is equal to E/3 for
Poisson’s ratio = 0.5. Gent model approaches to neo-Hookean model when maximum
chain extensibility approaches infinity, i.e, λm →, Jm →.92
As observed in rheological results, elastic modulus of our gel is much higher than
viscous modulus. Therefore, for our analysis we assumed that viscous dissipation is
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negligible and the elastic stress is approximately equal to the total stress (τelastic  τ). The
shear stress as a function of strain can be written as:73

  f  

(2.5)

Where  is the shear strain and f() is the shear modulus as a function of . At
small strain, f() approaches a constant modulus (Glin). For simple-shear experiments,
shear strain is related to the extension ratio as  = λ - 1/λ. Also, shear stress is the
derivative of the strain energy function with respect to strain.92 Thus, from strain energy
function for Gent model (eq. 2.4) we have:
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Figure 2.2

Lissajous-Bowditch curves as a function of frequency and strain amplitude.

Red dashed lines represent the pure elastic stress responses of the gel. e3, and Gꞌ1 values
are indicated for each oscillatory test. Here, Polymer volume fraction (ϕ) is 0.05 and
experiments were conducted at 22 °C.
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Using these relationships,

the first and third-order Chebyshev coefficients, e1 and e3, can be provided for Gent
model as:
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The third-order Chebyshev coefficient for Gent model is always a positive
number (/m <1), predicting a strain stiffening behavior. The summation of e1 and e3 is
equal to f() in Eq. 2.6.
The maximum extension ratio for the gel with polymer volume fraction (ϕ) of
0.05 was estimated based on the small angle X-ray scattering (SAXS) data reported in
literature.58,89 During shearing or any mechanical deformation, the PnBA chains
connecting the PMMA aggregates are stretched and the fully stretched length of the
PnBA (molecular weight 53,000 g/mol) is estimated to be  105 nm and the unstretched
length estimated from SAXS data is  28 nm.58 This results in maximum extensibility, λm
 3.8. This value is considered for our analysis here.
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Gent model (Eqs. 7, 8) was fitted to the experimental data (Figures 2.1a and 2.1c)
and the model captures the experimental data reasonably well. There is a similar trend in
prediction of elastic modulus (Gꞌ1 or e1) and e3, as both increases rapidly at large-strain.
Using Gent model in the LAOS formulation, we were able to elucidate the physical
significance of the mathematical coefficients estimated from the analysis. The coefficient,
e3 only represents the non-linear response of the gel, whereas, e1 has contributions from
both linear and non-linear components.
During rheological experiments, a fracture in the gel sample was observed at a
strain value of ~350%, as a result, a drop in modulus value was observed (point 19 on
Fig. 2.1a). Fracture of this gel during shear has been related to the strain-localization or
non-homogeneous strain field66 and the preliminary observation indicates that fracture
initiates in the bulk (Fig. A.4). However, it is interesting to note that the strain value for
fracture is very close to the maximum strain value that can be achieved considering finite
chain extensibility.
2.3.3

Cavitation
Cavitation phenomena is observed in elastomeric networks80 and even in human

brain subjected to shock wave.88 Cavitation is caused by elastic instability. It is
considered to be a reversible process and no fracture is involved.81 Utilizing cavitation
phenomena, measurement technique (cavitation rheology) has been developed for
investigating local mechanical properties of soft solids.76,78,81–83 Although the
experimental observation of cavity formation at a critical pressures is similar for all gels,
the main challenge in cavitation rheology is determining the mathematical relationship
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that relates the cavitation pressure to the mechanical properties. The relationship depends
on the strain energy function used. Now, the strain energy function must be physically
meaningful and should capture the rheological responses adequately. The previous
section shows that the Gent model can be fitted with the experimental data reasonably
well. It captures the strain-stiffening behavior of the PMMA-PnBA-PMMA gel
considered here and also verifies our assumption that the maximum extensibility of this
gel is 3.8. The rheological results are also used to explain the experimental observations
from the cavitation rheology experiments. Here, experiments were performed for gels
with different polymer volume fractions, at different pumping/compression rates, and at a
temperature different than room temperature.
2.3.3.1

Effect of polymer volume fraction
Figure 2.3a displays the pressure responses during cavitation experiments for

polymer volume fractions (ϕ) of 0.05, 0.07, and 0.10. For all these gels the system
pressure increases linearly with time during pressurization to a maximum value (defined
as critical pressure, Pc) before a sudden drop of pressure takes place. Figures 2.3b-d
display the deformation of these gels at the tip of the needle, captured at and after Pc. The
micrographs indicate that at Pc a cavity forms rapidly at the tip of the needle inside the
gel. The sudden formation of cavity results in decrease of pressure. The critical pressure
increases with the increase of polymer volume fraction. This is expected as critical
pressure scales with the elastic modulus of a material and with the increase of polymer
concentration, the elastic modulus of a gel increases (Fig. A.5).
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Although cavity formation was observed at Pc for all of the volume fractions
investigated here, the nature of cavity growth depends on the polymer volume fraction.
For ϕ = 0.05, the cavity maintained it spherical shape, whereas, for ϕ = 0.10 the cavity
transitioned to asymmetric fracture like response. Considering the expansion ratio
defined as λ = (Ac/Ac0)½, where, Ac is the surface area of the cavity at any instance and Ac0
is the inner cross-sectional area of the needle (the initial area), we have observed λ of as
high as 15. As discussed earlier, the maximum possible stretch ratio for the PnBA chains
is  3.8. Therefore, during cavity growth PnBA chains must have been pulled out of the
PMMA aggregates.

Figure 2.3

Pressure as a function of time for three polymer volume fractions, ϕ = 0.05,
0.07, and 0.10.

(b-d) Micrographs of cavity growth at and after the critical pressure for b) ϕ = 0.05, c) ϕ =
0.07, d) ϕ = 0.10. Needle radius, rin = 156 µm. Experimental temperature 22 °C.
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2.3.3.2

Effect of compression/pumping rate
Mechanical response of a viscoelastic material depends on the applied strain-rate

or the time-scale associated with mechanical deformation with respect to the relaxation
time of the material. The frequency sweep data (Figure 2.2) indicate that the non-linearity
and modulus of this gel depend on the applied frequency (related to strain-rate). To
investigate further, cavitation experiments were performed at different
pumping/compression rates, which directly correspond to gel deformation at the needletip for different strain-rates. Figure 2.4 displays results for a gel with ϕ = 0.05 in which
pumping/compression rates were varied from 0.01 to 25 mL/min. Interestingly, critical
pressure for the pumping rate of 0.01 mL/min is significantly lower than that observed
for the pumping rate of 0.5 mL/min. At low pumping rate the experimental time scale is
comparable to the gel relaxation time, which is higher than 100 s.90 As discussed below,
cavitation phenomena observed here involves the chain pull-out of the aggregates and if
the experimental time-scale is similar to the relaxation time, the pull-out process will be
easier and as a result a decrease in Pc can be observed. With increasing pressurization
rate, a small increase of Pc was observed. However, to observe a significant change in Pc,
as one might expect by looking at the frequency sweep data, it is likely that the rate of
pressurization needs to be increased significantly, however; such high rate cannot be
achieved in our present set-up.
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Figure 2.4

Images at critical pressure for different compression/pumping rates.

Polymer volume fraction, ϕ = 0.05 and needle radius, rin = 302 µm.

2.3.3.3

Effect of temperature
To identify the temperature dependence on cavitation, we also conducted the

cavitation experiments at  6 °C using an ice bath. Figure 2.5 displays the results
obtained from shear rheology and cavitation experiments for a gel with ϕ = 0.05 at 6 and
22 °C. As expected, storage modulus increases with the decrease of temperature (Figure
2.5a); storage modulus of 160 Pa at 10 % strain and at 22 °C increases to 310 Pa at 6
°C for the same strain value, i.e, the storage modulus increased by two times.
Interestingly, at both these temperatures, during shearing, fracture of the gel took place at
a similar strain value. For cavitation experiments, a higher critical pressure was observed
at 6 °C. As lowering temperature results in increase of shear-modulus, the increase of Pc
in cavitation experiments is expected, however, Pc increases by approximately 1.5 times,
lower than that observed in shear-rheology experiments. Initiation and growth of cavity at
both these temperatures were found similar.
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Figure 2.5

Moduli as a function of strain at 6 °C and 22 °C. b) Temperature
dependence on cavitation, and c) initiation and growth of cavity.

Here, polymer volume fraction ϕ = 0.05, and needle radius, rin = 302 µm.
2.3.3.4

Model prediction for pressure responses
We have shown that the Gent model can capture the LAOS data reasonably well

including the strain-stiffening behavior and the maximum chain extensibility. Here, we
use Gent model to explain the cavitation phenomena. We also consider the neo-Hookean
model, which is used in earlier studies to describe cavitation. 75,81
The pressure vs. time responses presented above can be described using
continuum mechanics approach. It is assumed that during pressurization a spherical cap
forms at the tip of the needle. Consequently, pressure at any instance can be given by, P
=  dA/dV +σ,81 where  is the surface energy, σ is the mechanical stress near the tip that
the gel experiences, A and V are the surface area and volume of the cap, respectively.
The stress σ can be defined using various strain energy functions. For Gent strain energy
function:80,81,93
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(2.9)

Here, λ is the expansion ratio defined as λ = (Ac/Ac0)½, where, Ac is the surface
area of the cavity at any instance and Ac0 is the inner cross-sectional area of the needle
(the initial area). If Jm → , pressure for neo-Hookean solid is given by:81
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These functions can be used to track the pressure response during the cavitation
experiment as a function of time. Considering the experimental set-up is a close system
(the air volume confined by the syringe plunger and the gel at the tip of the needle), air is
an ideal gas, and no diffusion of air into the gel takes place while pressurizing, we can
write:
PV  P0V0

(2.11)

Where, P0 is the initial system pressure (atmospheric pressure), V0 is the initial
system volume. Similarly, P and V are the system pressure and volume, respectively, at
time, t, during cavitation experiment. The system volume at any instance t can be written
as:75
V  V0  t  Vc

(2.12)

Vc is the cavity volume at the syringe-needle tip and µ is the
pumping/compression rate. During initial stage of compression, when Vc is much smaller
than V0, the Eqs. 2.11 and 2.12 yield:

P1 
 t
P0 V0

(2.13)

Where, P1 = P –P0, the gauge pressure measured by the pressure transducer, as
reported in Figures 2.3a and 2.5b. The linear behavior of Eq. 2.13 is evident in Figures
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2.3a and 2.5b. This allows us to determine the system volume from the initial slope of the
P vs. time experimental data. For the results presented in Figures 2.3a and 2.5b, V0  24 mL .
Now, assuming a spherical cap at the tip of needle, the cavity volume can be
written as:

Vc 
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From Eqs. 2.10, 2.11, 2.12, and 2.14, for neo-Hookean gel, we obtain:
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And for Gent gel:
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(2.16)
Figure 2.6 displays the above functions (left side of equations 2.15 and 2.16)
plotted as a function of  for different time steps. The values of elastic modulus (E),
initial system volume (V0) and pressure (P0), pumping rate (µ), and surface energy ()
used here are listed in the caption of Fig. 2.6. Here surface energy () is fitting parameter.
The roots/solutions for these objective functions will be the values of for which these
functions are equal to zero (eq. 2.15 and 2.16). The objective function for the neoHookean model has a solution in between 1< fort < 50 s (Fig. 2.6a). However, for t
> 50 s, the solution jumps to a very high number,  28 (Fig. 2.6b). This jump is
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expected for neo-Hookean model, as infinite extensibility is assumed. The objective
function for Gent model behaves similar to neo-Hookean model, however,  can only
jumps to the vicinity of m, which is equal to 3.8 for this gel (Fig. 2.6c and 2.6d).
The results are summarized in Figure 2.7, in which both pressure and extension
ratio as a function of time for neo-Hookean and Gent gels are presented. For a neoHookean gel (Fig. 2.7a), as the system is pressurized, an increase of pressure up to a
critical point and a sudden drop of pressure beyond that critical point has been predicted.
Also, the expansion ratio (λ) increases slowly during the initial compression until a
certain jump at the critical point (λc = 1.4), caused by the elastic instability, takes place.
Since there is no limit of expansion ratio for neo-Hookean gels (λm→), as pressure
reaches the instability point, the cavity volume can increase without any bound. Such
rapid increase of cavity volume results in sudden drop of pressure and cavitation or snapthrough expansion is observed. For neo-Hookean gels, the critical pressure can be
represented as:81

Pc 

5
2
E
6
rin

(2.17)

This equation is a widely used one .75,81 Here, the critical pressure for cavitation is
related to the elastic modulus of the system and the surface energy. If the surface energy
(surface tension) of 2-ethyl-1-hexanol ( 0.0269 J/m2 )94 is considered, the predicted
Young’s modulus (E) value from eq. 2.17 is much higher than that obtained from the
shear-rheological experiments (Fig. A.6).
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Figure 2.6

Equation 2.15 (neo-Hookean) model for different time steps before (a) and
after instability point (b).

Equation 2.16 (Gent model with λm = 3.8) for different time steps before (c) and after
instability point (d). Here, for model prediction, E = 300 Pa, rin =302 µm, P0 = 101325
Pa, V0 = 24 mL, µ = 0.5 mL/min,  = 0.25 J/m2 are used.
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Figure 2.7

Prediction of pressure in cavitation rheology experiment using neoHookean and Gent models.

a) Predicted pressure and extension ratio as a function of time for a neo-Hookean gel with
λm → ; b) neo-Hookean model prediction compared with the cavitation experimental
result; c) predicted pressure and extension ratio as a function of time for a Gent gel with
λm = 3.8; (d) expanded view of (c) at the sudden increase of expansion ratio; e) a
schematic displaying chain pull out during cavity growth; f) Micrographs before and at
critical pressure. Here, for model prediction, E = 300 Pa, rin = 302 µm, P0 = 101,325 Pa,
V0 = 24 mL, µ = 0.5 mL/min,  = 0.25 J/m2 are used.
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For Gent gels, since finite extensibility of chains is considered (λm = 3.8, for the
present case), the increase of cavity volume is restricted at the instability point.
Correspondingly, the pressure decreases slightly at the instability point and then
continues to rise (Figs. 2.7 c, d). Both neo-Hookean and Gent models provide the similar
prediction up to the critical pressure, but the polymer chain extensibility decides whether
a significant decrease in pressure or snap-through expansion is expected. However, for
Gent gels, the rise of pressure cannot be unlimited but dictated by the failure or fracture
of the gel. Similar to neo-Hookean gel, cavitation for Gent gels is possible only if λm is
very large, much larger than 3.8. For the values of E, P0, V0, µ, and  considered here
(Fig. 2.7), λm must be greater than 28.3 to expect cavitation.
Now a large cavity growth was observed for all gels tested here (Figure 2.7f). We
believe that the cavity growth in our triblock gel is not purely caused by elastic
instabilities but fracture like process is also involved. We hypothesized that during the
cavity growth the polymer chains are pulled out of the aggregates (fracture like process),
as schematically represented in Fig 2.7e. The critical pressure corresponding to fracture is
a function of E, Gc, and rin, where Gc is the critical energy release rate.62,81 If a material is
linear elastic, the critical pressure for fracture scales with

 EGc

 3rin

1

 2 .62,81



For non-linear

Gent gels, such functional relationship is not precisely known. Interestingly, if we
increase the value of to 0.25 J/m2, the equation 2.15 can be used to capture the
experimental data (Fig 2.7b). This signifies that the critical pressure for fracture for Gent
model will likely be linearly dependent on the elastic modulus and Gc, similar to that
given by Eq. 2.17. However, the coefficients will be different and it will be appropriate to
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replace the surface energy term in Eq. 2.17 with critical energy release rate, Gc, as the
process involves fracture. Therefore, Pc ~ constant*E + function (Gc, rin ). Now, there are
two unknowns, E and Gc, and one of these must be known to estimate the other. Both, E
and Gc can be measured experimentally,65 but the measurement of E using shear rheology
is relatively straight-forward. Gc can also be predicted using Lake and Thomas theory.61
If fracture involves bond-scission, which is very unlikely for our gel, the predicted value
of Gc is ~ 0.3 J/m2. For chain pull-out, if we consider the energy associated to pull out
one monomer (methylacrylate) unit is ~ kBT, where kB is the Boltzmann constant, the
estimated value of Gc is 0.0005 J/m2, which is unrealistically low. However, the
estimated values of Gc from Lake-Thomas theory do not consider viscous dissipation
near the crack front, which cannot be ignored in our sample. Our future research will
involve implementation of finite-element based modeling to determine exact
mathematical relationship between critical pressure, E, crack length or needle radius, and
Gc.
2.4

Concluding remarks
Large-strain deformation behavior of a physically associating, thermally

reversible, triblock gel is investigated using shear and cavitation rheology. Gent model,
which considers finite extension of the midblock, is used to capture the stiffening
behavior at large-strain deformation. First (e1) and third (e3) Chebyshev coefficients
estimated from LAOS analysis are related to the Gent model, i.e, the LAOS parameters
have been linked to the gel structure. Cavitation rheology was performed as a function of
polymer volume fraction (ϕ), compression rate, and temperature. The pressure response
39

and extension ratio (λ) vs. time were modeled using rubber elasticity models such as neoHookean and Gent models. Our results show that the neo-Hookean model can capture the
experimental data, however, the corresponding surface energy value is high. We
hypothesize that the cavitation phenomena observed here include PnBA chain pull out
from the PMMA aggregates. Our results provide new understandings on the gel
deformation behavior and failure mechanism at large-strain.
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PROBING GELATION AND RHEOLOGICAL BEHAVIOR OF A SELFASSEMBLED MOLECULAR GEL
This chapter adapted from a previously published work: 1- Hashemnejad, S. M.; Huda,
M. M.; Rai, N.; Kundu, S. Molecular Insights into Gelation of Di-Fmoc-L-Lysine
in Organic Solvent–Water Mixtures. ACS Omega 2017, 2 (5), 1864–1874.
2- Hashemnejad, S. M. & Kundu, S. Probing In situ Gelation and Rheological Behavior
in a Self-Assembling Molecular Gel. Accepted for publication in Langmuir (2017).

3.1

Introduction
Among the rapidly growing body of literature on gel like materials, molecular

gels formed by self-assembly of low molecular weight gelators (LMWGs) are of
significant interest because of their potential applications in drug delivery95, oil
recovery,96 heavy metal ion and nitrite detection,97,98 and cancer treatment.31 Unlike most
common polymer gels, where monomers are covalently bonded, LMWGs self-assemble
through noncovalent interactions such as H-bonding, and aromatic-aromatic interaction.
Such self-assembly results in fiber like structure and physical crosslinking and/or
topological entanglement of these fibers can lead to three-dimensional soft solid like
material.27,91 Gelator molecules can be prudently chosen from a library of materials99,100
or can be rationally designed to render the gelation process stimuli-responsive.101 In fact,
it has been shown that sol-to-gel transition can be induced by changing temperature,
nature of solvent, ultrasound, and pH.102–106 With increasing number of experimental
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investigations on several gelators and with growing literature of computational studies, a
significant understanding regarding the self-assembly process for these gels has been
achieved.101,107–109,32,110 However, mechanical behavior of these self-assembled gels is not
well understood, particularly at large-strain, which can lead to failure of these materials.
Since, molecular gels are not formed by volume-spanning, covalently connected flexible
or semiflexible polymer chains, conventional network theory based on the chain
deformation mechanism cannot be directly applied. However, as the fibers are stiff in
nature, as displayed by large persistence length,111 some similarities with the
semiflexible, entangled biopolymer solutions can be anticipated.
Solvent-triggered method is a common method to induce gelation for different
aromatic peptide amphiphiles.112–116 In this approach, LWMGs are dissolved in good
solvents to obtain a homogeneous solution within a few minutes, and then another liquid
is added to the solution to trigger gelation. The second liquid is a poor solvent for the
gelator but is completely miscible with the first solvent. Using this approach, gelation of
Fmoc-peptide gelator molecules in organic solvent-water mixture have been reported,
e.g., gelation of Fmoc-leucine-glycine,113 Fmoc-phenylalanine derivatives,114 Fmocdiphenylalanine,112,115 and Fmoc-asparagine116 in DMSO-water. In these systems, parallel
and antiparallel stacking of Fmoc moieties result in self-assembled fibrils, ribbons, or
other structures.27,117 The self-assembly process become more complex, if additional
aromatic moieties are present,118,27,119–121,105 such as in di-Fmoc-L-lysine in which two
Fmoc moieties exist at the two ends of the gelator molecule. This gelator molecule has
shown to form gels,106 but many possible combinations of stacking can be anticipated,
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and such self-assembly process cannot be completely elucidated using phenomenological
approach.
In addition to hydrophobic Fmoc moieties, the gelator molecules consist of many
functional groups. Interactions between these functional groups and the solution media
plays an important role in the self-assembly process, however, our understanding on the
gel formation mechanism of LWMGs in a particular media is incomplete.32,91,122,123 The
most widely used approach, based on the Hansen solubility parameters (HSP),32,122,124–128
classifies gelators and solvents depending upon the difference between the respective
HSP components namely, dispersion, polar, and hydrogen bonding. In some instances,
HSPs were shown to correlate (or partially correlate) with the gelation behavior of a
gelator in a particular solvent. 32,122,124–128 Such correlation mostly involves only one of
the HSP components but the other components do not follow any trend.27 For instance,
12-hydroxystearic acid (HSA) gelation behavior correlates with, δH-bond, the hydrogen
bonding component of HSPs. 27 HSA forms gel in solvents with low δH-bond and but
remains in solution with high δH-bond.129 However, this approach is not suitable for many
cases such as ALS gelators (consisting of aromatic groups other than Fmoc, linker, and
steroidal group), where gelation does not correlate with any of the HSP components.32
To investigate the mechanical responses of molecular gels and to relate that to
their structure, here, we consider a solvent-triggered gel of di-Fmoc-L-lysine in a 1propanol/water mixture. For amphiphilic peptide gelators, most commonly, gelator
molecules consist of an aromatic group (for example, Fmoc), short peptide groups, and a
C-terminal group.27 Through - interaction between the aromatic groups and H-bonding
between the peptide groups, self-assembly of gelator molecules results in fiber formation.
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Formation of -sheet has been reported in some instances and helicity of the fibers has
also been observed .27,130 Unlike many Fmoc containing gelator molecules, with no or
smaller aromatic C-terminal group,96,105,130 di-Fmoc-L-lysine is composed of identical
Fmoc group at both end. Also, this molecule has multiple H-bond donors-acceptors
present in the peptide groups. All these chemical moieties can cause complexity in selfassembly process and parallel and antiparallel stacking of gelators has been
hypothesized.27 These kind of stackings cannot lead to fiber branching and formation of
branching in molecular gels has often been considered as defect.131,132 However, density
functional theory based computational study indicate that parallel and helical assembly
are the preferred structural motifs for di-Fmoc-L-lysine dimers.133 The helical assembly
can potentially lead to branching in fibers.
IR spectroscopy has been routinely used to elucidate the self-assembly process in
molecular gels, however, most of the studies have been reported on dried gel samples
(xerogels) without capturing the evolution of chemical signature during the gelation
process. In these investigations, for Fmoc-containing short peptide gelator molecules,
secondary structures such as α-helical coil and β-sheet stacking have been captured.134–137
However, in a recent study by Ulijn and Tuttle et al. conducted on non-dried Fmoc-AA
(9-fluorene-methyloxycarbonyl dialanine) gel samples, reported that the band at 1680 cm1

-1695 cm-1 in IR spectra, which was previously assigned to an anti-parallel β-sheet, is

due to the absorption of the carbamate group.130 In order to capture changes in IR spectra
during the gelation process, potentially including all molecular interactions, i.e. solventsolvent, solvent-gelator, and gelator-gelator, and to avoid any possible structural changes
during dehydration, we collected time-lapse IR spectra during sol to gel transition. This
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was possible by replacing water with D2O, which allowed us to track the carbonyl
stretching peak as gelation progresses.
In situ dynamic rheological investigation has often been used to monitor the
kinetics of gelation process.138 From these experiments, gel point can be determined
rheologically by using multi-frequency oscillatory experiments using Winter-Chambon
criteria.139 At gel point, the frequency dependence of both storage (Gꞌ) and loss modulus
(Gꞌꞌ) become same, i.e. the phase angle become independent of frequency. At gel point,
the isolated clusters of self-assembled gelators form initial continuous/percolated
network. From this rheologically determined gel point, power law exponent and fractal
dimension, that provide further details about the gel structure during the initial stage of
gelation, can be captured. 131,140,141
As the molecular gels constitute of non-connected stiff fibers -sometime with
branches - these gels can display interesting mechanical properties. For example,
concentration dependence of shear-modulus (Gꞌ) depends on the type of gelator.142–146
Resemblance with densely crosslinked biopolymer networks has also been shown.143
Since topological interaction between the fibers is the origin of gel like behavior, fracture
in these gels follows different mechanism than the covalently crosslinked polymer gels.
To investigate further, we applied cavitation rheology technique on the gel samples.
These experiments allow us to determine the critical energy release rate (Gc), which has
been rarely reported in the literature for molecular gels. We found that self-assembled
gels has significantly lower Gc compared with the polymer gels.147–149
Here, we report the solubility and gelation trend of di-Fmoc-lysine in different
organic solvent-water mixtures.133 It has been found that di-Fmoc-lysine is readily
45

soluble in aprotic solvents such as DMF and DMSO, whereas, in alcohols, the solubility
can be promoted by increasing temperature. For example, di-Fmoc-lysine is not soluble
in 1-propanol at room temperature but readily soluble at about 75°C. Higher intermolecular H-bonding in organic solvents likely leads to poor solubility. We have noted
that the conventional approach of using solubility parameters cannot capture the
solubility and gelation behavior of this gelator. Although, we have observed gelation in
many water-organic solvent mixtures, we further investigate in particular the gels formed
in 1-propanol/water. These gels are very stable and display interesting mechanical
responses as discussed below.
3.2
3.2.1

Experimental section
Materials
Di-Fmoc-L-lysine, methanol, ethanol, and 1-propanol, were obtained from Sigma-

Aldrich and were used as received. Dimethyl sulfoxide (DMSO), dimethylformamide
(DMF), and acetone were obtained from Fisher-Scientific. All solvents are of high purity
(99.9%). Deionized water with resistivity of 18.2 m was used for gel preparation.
3.2.2

Gel formation protocol
Hydrogels were prepared in a two-step process. The gelator was first dissolved in

the solvent of interest (such as DMF, DMSO, acetone, methanol, ethanol, and 1propanol) and then water was added. The final volume fraction of the solvent (ϕsolvent =
organic solvent volume/total volume) was fixed either at ϕsolvent  0.20 or ϕsolvent  0.26.
Gelator concentration was also fixed at 1.7 mM and 3.4 mM for rheological and
microstructural studies. To obtain the phase diagrams, additional samples with varying
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gelator concentration from 0.1 mg/mL to 5 mg/mL were prepared. To obtain a gel with
1.7 mM gelator concentration, 5 mg of gelator was dissolved in 1 mL of solvent (ϕsolvent
 0.20) followed by addition of 4 mL water. Gelator dissolved easily in DMF, DMSO,
and acetone within 10 minutes. For methanol and 1-propanol, the samples were heated to
50 °C, whereas, for ethanol, the sample was heated near to its boiling temperature of 78
°C. Once the sample reached the desired temperature, the sample was removed from the
hot-plate and a vortex mixture was used for mixing. Heating and mixing were conducted
multiple times until an optically clear solution was obtained. The mixing process was
completed in about 30 minutes. After mixing of gelator, the solution was allowed to cool
to room temperature (~ 22 °C) and water was added at that temperature. Addition of
water turned the clear solution to an opaque solution in all cases. Then all the samples
were either molded or transferred into a rheometer.
For reported rheological, cavitation, spectroscopy, and AFM analysis for gels in
1-propanol, the gel formation was slightly changed from that mentioned above. A
specific amount of gelator (di-Fmoc-L-lysine) was added in 1-propanol (typically 1300
µL) and was placed on a hot plate to increase the solution temperature to  75 °C. A
transparent solution was obtained after about 10 minutes. Then, the vial was allowed to
cool at room temperature (RT) for 30 minutes to obtain a solution temperature of 22 °C.
During this process no precipitation of the gelator was observed. DI water (typically
3700 µL) was then added in the 1-propanol/gelator solution. The amount of gelator was
varied to obtain samples with final gelator concentration of 1.7 mM, 3.4 mM, 5.1 mM,
and 6.7 mM, respectively (equivalent to 1 mg/mL, 2 mg/mL, 3 mg/mL, and 4 mg/mL,
respectively). Correspondingly, volume fraction of the gelator has be estimated as ϕ 
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0.0008, ϕ  0.0016, ϕ  0.0023, ϕ  0.0032, respectively. Here, gelator density is 1.278
g/cm3 (provided in MSDS). Volume fraction of solvent, ϕsol, was maintained at 0.26
(1300 µL 1-propanol in 3700 µL DI water), considering negligible volume of the gelator
(e.g. volume of gelator at the concentration of 3.4 mM is about 8.2 µL). After addition of
DI water, the samples were either stored at RT ( 22 °C) for cavitation rheology
experiments or transferred to the rheometer or IR instrument for in situ gelation study.
3.2.3

Transmission electron microscopy (TEM)
TEM images were obtained using a JEOL LaB6 transmission electron microscope

operating at 200 keV. Carbon coated copper grids (mesh size of 200) were placed on the
freshly prepared surfaces for a minute. The grids were then removed and were dried
under vacuum after carefully removing excess gel using a filter paper.
3.2.4

Fourier transform infrared spectroscopy (FT-IR)
Thermo Scientific Nicolet 6700 FTIR instrument with attenuated total reflection

(ATR) accessory was used to collect spectra at 4 cm-1 resolution by averaging over 64
scans over the range of 4000 cm-1 – 600 cm-1. A solution consisting of gelator in 1propanol/D2O (immediately after addition of D2O) was placed on the ATR crystal
equipped with a liquid sample holder and time-lapse spectra was collected. To avoid
solvent evaporation, the chamber was covered with parafilm. The recorded spectrum was
background subtracted. The FTIR spectra were collected at RT.
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3.2.5

Atomic force microscopy (AFM)
AFM images on wet gels were obtained at room temperature using a Bruker AFM

in TappingMode with Sharp Nitride Lever (SNL-10) probe, purchased from Bruker.
Samples casted in an aluminum mold and were directly imaged with no specific sample
preparation steps. AFM scans were conducted at 512  512 pixels resolution, a scanning
rate of 1 Hz, and height data were also first-order flattened.
Morphological analysis on dried gels were conducted using a Bruker AFM
operating in PeakForce mode with MPP-12120-10 probe. A thin layer (~1 mm) of a gel
was sliced using a razor blade and was then placed on a clean microscope cover glass.
The sample was then allowed to dry in a desiccator at RT for at least two weeks. AFM
scans were performed with the scan rate of 0.5 Hz, at 512  512 pixels resolution, and
also first-order flattened.
3.2.6

Shear rheology
A Discovery Hybrid Rheometer, DHR2 (TA Instruments) was used to investigate

the rheological behavior. A 20 mm parallel-plate fixture with a solvent trap geometry was
utilized. Samples at sol state (after water addition) were transferred to the rheometer and
the evolution from sol to gel state as a function of time was captured. Small strain
amplitude (0 = 0.1 %) was applied and multiple frequencies of 1 rad s-1, 5 rad s-1, 10 rad
s-1, and 20 rad s-1 were considered. These frequencies have been selected keeping the
measurement limitation of our rheometer in mind. After completion of gelation,
frequency sweep experiments (0 = 0.1 %) followed by strain sweep (at a frequency of 1
rad s-1) experiments were conducted. Relaxation, creep, and creep recovery experiments
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were also conducted on the samples for which the gelation was conducted in situ on the
rheometer. For all rheological experiments, gap size was set to 1.5 mm and all
experiments were performed at least three times.
3.2.7

Cavitation rheology
A custom-built cavitation rheology set-up150 was used to characterize the failure

behavior of the gels. All experiments were performed after about 3 hr of water addition
and on 5 mL sample volume placed in a 20 mL glass vial. Flat tip needles (Hamilton
Company) with inner radius of  130 µm (gauge 26), 156 µm (gauge 24), and 205 µm
(gauge 22) were used. Air was the pumping fluid and all measurements were conducted
at a fixed compression rate of 2 mL/min. All experiments were performed at RT and were
repeated at least three times.
3.3

Gel Formation
Gels were formed using solvent-triggered approach. Figure 3.1 displays di-Fmoc-

L-lysine chemical structure and the optical images of the sol to gel formation steps.
Gelator was first dissolved in 1-propanol at  75 °C to obtain a clear liquid (Figure 3.1b).
Gelation was initiated by adding water in gelator and 1-proponal solution. The gelator is
insoluble in water, however, 1-propanol and water are fully miscible. A turbid solution
(Figure 3.1c) was obtained upon addition of water. The turbid solution gradually turned
to a translucent gel in about 2 hr. Figure 3.1d displays a vial inversion test, qualitatively
representing gel-like behavior, where the self-assembled structure can hold its own
weight.
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Figure 3.1

Gel formation of di-Fmoc-lysine via solvent-triggered approach.

a) Chemical structure of the gelator di-Fmoc-lysine. (b-d) Gel formation steps. (b)
Dissolved gelator in 1-propanol, c) turbid solution after water addition, d) inverted glass
vial with gel after ~ 2 hr of addition of water. Gelator concentration is 3.4 mM, and ϕsol 
0.26.
We have also attempted to obtain a phase/morphology diagram for these
gels.28,103,151 The results for three solvents, 1-propanol, acetone, and DMF, are shown in
Figure B.1. For the 1-propanol and DMF samples, we considered the maximum
temperature of 80 °C, whereas, for acetone samples, the maximum temperature was 60
°C, near the boiling point of acetone. Phase transition was investigated, through visual
observation and vial inversion test, at every 10 °C interval by heating the samples in an
oven. For every temperature, we have waited at least 60 minutes, so that the samples can
reach a thermal equilibrium. At low concentration, less than about 0.5 mg/mL, a low
viscosity solution was observed. At room temperature, with increasing gelator
concentration, the low viscosity solution became viscous solution, similar to that reported
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by Gao et al.103 This is followed by gel formation beyond the gelator concentration of
about 0.8 mg/mL. With increasing temperature, the gel samples maintained their
structural integrity up to a certain temperature, but with further increase of temperature,
the samples started to melt and the samples consisted of two phases, a block of gel in a
viscous solution (see Figure B.1). With further increase of temperature, the 2-phase
samples melted to become fluid. The sol-gel transition temperature in our system does
not show a significant concentration dependence.151 Gelation of small molecule gelators
has been described as ‘crystalline assembly’ process, a kinetically controlled
process.123,152 Interestingly, the melting behavior of our gel has shown some resemblance
to the melting of semi-crystalline polymer with broad melting transition.
3.4

Solubility and gelation using solubility parameter approach
Similar to previous literature reports,122,125 we attempted to link the solubility

parameters of the gelator and solvents to describe the solubility trend and subsequent gel
formation. Table B.1 presents Hildebrand solubility parameters for different solvents
(HSPs are shown in the Table B.1).128 The solubility parameters (square root of the
cohesive energy density (CED)) for the gelator is unknown but can be estimated using
group contribution theory.153 We estimated Hansen solubility parameters as δdispersion 
27.67 MPa0.5, δpolar  10.95 MPa0.5, and δH-bond  6.93 MPa0.5, respectively.
Correspondingly, Hildebrand solubility parameter is estimated as

√ ( δdispersion2+ δpolar2+

δH-bond 2)  30.56 MPa0.5.
For a solid to be soluble in a particular solvent, solubility parameter of the solid
and the solvent need to be similar. Based on this rule, we would expect the gelator to
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have similar solubility in DMSO and ethanol as these solvents have very similar
solubility parameters (see Table B.1). This is contrary to the experimental observation,
where gelator is readily soluble in DMSO at ambient conditions, whereas we need to heat
ethanol to nearly its boiling point to achieve dissolution of the gelator. Although
Hildebrand solubility parameters does not capture solubility trend of this gelator, several
observations can be made from the data presented in Table B.1. Dissolution of the gelator
in a solvent with high degree of H-bonding is unfavorable. For example, the gelator is
insoluble in water, which has the highest δH-bond, but it is soluble in 1-propanol, methanol,
and ethanol only at elevated temperature where the H-bond network is not as extensive as
water. Also, aprotic solvents including DMSO, DMF, and acetone with high δdispersion and
with no H-bond donating capabilities favor dissolution of gelator. Interestingly, δdispersion
for the gelator is far away from the δdispersion for these solvents (see Table B.1).
To investigate further, fate of the gelator after water addition has been related to
the Hansen solubility parameters of the solvents used here (Figure 3.2). Following the
trend of solubility, aprotic solvents resulted in a stable gel. However, for methanol, which
has a high δH-bond, the gel is unstable. In comparison, 1-propanol, which has lower δH-bond
compared to the other alcohols used here provides stable gel. The results indicate that the
higher degree of H-bonding between solvent molecules interfere with H-bonding between
gelator-gelator and therefore playing an important role in gel formation and dictating the
stability of the gels. Given the important role of H-bonding and solvent polarity, we also
utilized Kamlet-Taft parameters154–157 and pyrene based I3/I1 ratio158 to understand
solubility and gelation trends. These solvatochromic solvent parameters are presented in
Tables B.2 and B.3 in the Supporting Information. The , *, and I3/I1 parameters do not
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show any correlation with the observed solubility trends. For example, acetone and water
have virtually identical  parameter (0.43 and 0.47, respectively) but have very different
ability to solubilize gelator. Similarly, DMSO and water have similar * parameters but
are at the opposite end of the solubility scale. I3/I1 ratio displays a negative correlation for
alcohols considered in the present work. The hydrogen bond donating ability index ()
displays a weak positive correlation. However, the binary nature of this parameter ( 0
for molecules without a polar H and 1 for solvents with a polar H) presents a significant
challenge in utilizing this parameter as a useful metric. Furthermore,  parameter would
predict that most nonpolar molecules (with   0) would dissolve the gelator which is
contrary to the observation that the di-Fmoc-L-lysine is not soluble in hexane.
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Figure 3.2

Fate of gelator in different solvents as a function of Hansen solubility
parameters (HSPs).

a) Solvent and b) binary mixture. HSPs for binary mixtures have been estimated as,
𝛿𝑚𝑖𝑥 = ∑ 𝜑𝑖 𝛿𝑖 , where 𝜑𝑖 is the volume fraction and 𝛿𝑖 is the solubility parameter of the
individual components (either solvent or DI water).
In order to better understand the solvation and gelation process in our molecular
gel system, DFT calculation was also conducted in a collaborative work with Rai et al.133
The simulation results show that gelator-solvent average molecular interaction is higher
in aprotic solvents (such as DMF and DMSO) followed by Acetone, 1-propanol, ethanol
and methanol, respectively. Whereas, average binding energy between gelator and water
molecules is the lowest. Further, from average binding energy of gelator-solvent and
corresponding molecular volume, seudo cohesive energy density of the gelator−solvent
binary mixture was calculated. This quantity was normalized by binding energy between
solvent molecules. The resulting normalized binding energy was used as a measure of the
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strength of the gelator-solvent interaction compared to that of solvent-solvent
interactions. It was found that normalized binding energy can be correlated with gelating
and nongelating solvents.
3.5

Microstructure of molecular gels
Water addition triggers nucleation of gelator followed by growth in the single

and/or multiple dimensions via non-covalent interaction between gelator molecules. To
elucidate gel structure, AFM characterization was conducted on the gel samples in the
wet state, which has rarely been reported in the literature. The main advantage of this
approach is that sample preparation techniques including drying, freezing, and staining
that can potentially introduce some artifacts were not applied. Figure 3.3a displays the
tapping-mode AFM height image and the Figure 3.3b displays the phase image of a gel in
DMF–water after 2 hour of water addition. Phase image can distinguish various phases
present in the system based on their chemical and physical properties captured through
the phase shifts of the response signal with respect to the applied signal. A fibrous
structure has been observed in the height image, however, structure are clearly visible in
the phase image because of higher contrast. AFM results indicate that the self-assembled
fibers form bundles.
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Figure 3.3

AFM image of a wet gel in DMF-water system using tapping mode.

Height data is shown in (a), whereas phase image is shown in (b). Gelator concentration
is 3.4 mM and ϕDMF  0.26.
In addition, TEM investigations were conducted on the gel samples and the
results for the gels in 1-proponal and in DMSO are presented in Figure 3.4 and Figure
B.2, and Figure B.3, respectively. Here, the individual fibers have be imaged. For both
these gels, we have found the fiber diameter of ~ 10 nm, similar to that reported in the
literature for other Fmoc-containing gelators.159 As estimated from the optimized
structure of the gelator molecule, the end-to-end distance is  2.3 nm and the width is 
0.85 nm. This indicates about 10 molecules stack laterally to form these fibers. TEM
images also provide evidence of branched fiber growth similar to that observed for some
peptide molecules.132,145
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Figure 3.4

TEM images of gel in 1-propanol-water at two different locations.

Gelator concentration is 1.7 mM and ϕ1-propanol  0.26.
Figure 3.5a and 3.5b display AFM height images at different magnifications.
Since 1-propanol and water have similar vapor pressure, homogeneous solvent
evaporation was expected during the drying process. As a result, potential structural
damage during drying of the gel was likely to be minimum. The AFM images indicate a
fibrous network similar to other LMWG systems.102,142,159 As observed in Figure 3.5a, the
microstructure appears to be heterogeneous and clusters on the order of a few microns
can be observed. This observation is similar to that reported in literature for Fmoc–
diphenylalanine (Fmoc-FF) system using confocal microscopy.159 Magnified view of
these clusters shows the presence of fibers. TEM images (Figure 3.5c) display that the
self-assembled fibers have diameter of ~10 nm, i.e., indicating that about 10 molecules,
having end-to-end distance of  2.3 nm and the width of  0.85 nm, stack laterally to
form these fibers.133 The previous studies on Fmoc peptide gels also reported fiber
diameters of the order of 10 nanometers.142,159 However, in addition to the 10 nm fibers ,
AFM images (Figure 3.5b) also display structures with larger diameter, as high as ~ 50
nm. It is likely that these structures are bundles of multiple fibers linked by physical
58

association. However, some bundling can also takes place during the sample drying
process.

Figure 3.5

AFM and TEM images obtained for dried gel samples with the gelator
concentration of 1.7 mM.

a) and b) AFM height image of the gel samples at different magnifications, c) TEM
images capturing the fiber diameter
3.6

Tracking sol-to-gel transition using FTIR
Time-lapse infrared spectroscopy was utilized to probe the possible H-bonding of

the amide groups between the adjacent gelator molecules during sol to gel transition.
FTIR spectrum of water displays peaks at ~ 1650 cm-1 and ~ 3400 cm-1, 160 overlapping
with the relevant characteristic peaks of the gelator molecules. Therefore, for FTIR
investigations, D2O, which does not display such overlap, was used. Figure 3.6a displays
time-lapse FTIR results during gelation, form sol state (just after D2O addition) to gel
state ( 60 min) at a time interval of 5 min for the initial 30 minutes. Results are shown
for the gelator concentration of 3.4 mM, consistent with the in situ shear rheology data
presented in the next section. For reference, IR spectra of pure 1-propanol, D2O, and 1-
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propanol/D2O mixture (ϕsol  0.26) without the gelator are also shown in Figures 3.6b-c,
whereas, that of pure gelator is shown in Fig. B.4.

Figure 3.6

FTIR spectroscopy data during the gelation process.

a) Time-lapse IR spectra during sol to gel transition. Here, the gelator concentration is 3.4
mM and ϕsol  0.26. b) Infrared spectra of pure 1-propanol and D2O, and c) infrared
spectrum of 1-propanol/D2O mixture with ϕsol  0.26.
The FTIR spectra for different gelation time mostly overlap over the range of
4000 cm-1 – 600 cm-1 except in 1600 cm-1 – 1800 cm-1 and 3100 cm-1 – 3700 cm-1 regions
(Figure 3.6 and insets). As displayed in the inset of Figure 3.6a, a broad peak in the 1600
cm-1 – 1800 cm-1 region can be tracked during the sol to gel transition. This peak has
been assigned to the stretching of carbonyl functional group of the gelator,130 since IR
spectrum of a 1-propanol/D2O solution is featureless at that region (see inset, Figure
3.6c). Peak position, centered around 1696 cm-1 has been found to be mostly remained
unchanged during the initial 15 minutes. However, as the gelation progresses further, the
peak moves to the lower wavenumber, that is to about 1691 cm-1, 1685 cm-1, and 1683
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cm-1 at 20 min, 25 min, and 30 min, respectively. Beyond 30 minutes, no change in peak
position has been observed. In addition to the shift in peak position, the broader peak in
the sol state became sharper at the gel state. The change in peak position, i.e., red-shift in
vibration frequency, is associated with H-bonding between the carbonyl group and the
amine group of adjacent gelator molecules.161 Also, transition from broad to a sharper
peak and change in peak intensity can be linked to the transition from initially randomly
distributed, non-assembled state to the assembled, and hydrogen bonded fiber like
structure of the gelator molecules.130,162 It should be noted that the peak position
associated with carbonyl band for the gelator in powder form (at ~ 1689 cm-1) is different
from either gel state (at ~ 1683 cm-1) and sol state (at ~ 1696 cm-1). The difference in
peak position has also been reported for other molecular gel systems.163 This is likely due
to the different level of H-bonding because of changed sample environment. This affects
the stretching vibrations in carbonyl group. Presence of a single peak around 1683 cm-1
on FTIR spectra at the gel state may also indicate parallel β-sheet formation.130
In addition, as displayed in the inset of Figure 3.6a, the position of a broad peak
centered around 3392 cm-1, remained unchanged as gelation proceeds. However, the peak
intensity increases slightly as a function of gelation time. This peak can be associated
with both stretching of hydroxyl group of 1-propanol and that of amine group in the
gelator molecule. Due to the overlapping spectra of these functional groups, the hydrogen
donating behavior of NH group in gelator molecules cannot be tracked precisely. The
FTIR results clearly indicate that the H-bonding between the gelator molecules is one of
the primary mechanism by which gelator molecules stack to form 1D fiber like structure.
- stacking is another important factor but that cannot be captured using FTIR.
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3.7

Investigation of sol to gel transition using shear rheology
Evolution of shear moduli during the gelation process has been captured by using

dynamic rheological experiments. Here, based on the Winter-Chambon criteria, a
multifrequency oscillatory shear experiments at constant strain amplitude of 0.1% were
performed, as the sol to gel transition took place. Figure 3.7a displays tan δ (tan δ =
Gꞌꞌ/Gꞌ, where, δ is the phase angle, Gꞌꞌ is the loss modulus, and Gꞌ is the storage modulus)
as a function of time for the frequencies of 1 rad s-1, 5 rad s-1, 10 rad s-1, and 20 rad s-1,
respectively. The tan δ for all these frequencies crossover at a value of 0.3, representing a
critical point, i.e, tan δc  0.3. This corresponds to the gel point, where Gꞌꞌ/Gꞌ ratio
become independent of the frequency (Fig. B.5). The scattered data of tan δ during the
first few minutes was primarily due to the instrument measurement limitation at low
torque values.
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Figure 3.7

Evolution of rheological parameters (Gꞌ, Gꞌꞌ, shear stress, and tan δ) as a
function of time during sol to gel transition.

Gelator concentration is 3.4 mM. The experiments were conducted at the frequencies of 1
rad s-1, 5 rad s-1, 10 rad s-1, and 20 rad s-1 with a strain amplitude of 0.1%. a) tan δ, b)
shear stress, and c) moduli as a function of time
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Beyond the gelation point, tan δ decreases with time for all four frequencies and
then leveled off, representing the completion of the gelation process. Figure 3.7b displays
the corresponding shear stress values for different frequencies. For a given frequency,
stress increased initially and then reached a plateau, representing completion of the
gelation process. Beyond the gel point (corresponding to tan δc), all stress curves collapse
into a single curve. The transition from sol to gel state is further evident as we monitor
the values of elastic (Gꞌ) and viscous (Gꞌꞌ) moduli. As displayed in Fig. 3.7c, Gꞌ and Gꞌꞌ
crossover occurs close to the time corresponding tan δc. Further, Gꞌ surpasses Gꞌꞌ at about
10 min (the inset is also presented in Fig. B.7) and then almost leveled off. Gꞌ is more
than one order of magnitude higher than Gꞌꞌ after about 30 mins indicating formation of
soft-solid like gel material. The results indicate that the gel point, as determined by the
Winter-Chambon criteria, is slightly different that one can defined from the Gꞌ - Gꞌꞌ
crossover. Note that the gel point determined by Winter-Chambon criteria indicates the
formation of a percolated network structure, which can be quite different than the fully
formed gel network, after about 60 minutes of gelation, as captured by AFM study.
The critical tan value, i.e., tan δc, can be used to estimate the relaxation
exponent, n, and fractal dimension at the gel point.139 The relaxation exponent is given
by, tan δ = tan n/2, where 0 < n < 1. Three regions can be defined at the gel point based
on the values of n; ½ < n < 1 where Gꞌ < Gꞌꞌ, n ~ ½ where Gꞌ ~ Gꞌꞌ, and n < ½ where Gꞌ >
Gꞌꞌ.139 The corresponding theory was developed based on chemically crosslinked
system.139,164,165 However, this formulation has also been used for physically assembled
systems, such as physically associating poly(N-isopropylacrylamide) microgels (n =
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0.06) and for hydrogelation of -hairpin peptide self-assembly ( n = 0.47).166,167 In our
system, we obtain, n ≈ 0.2, i.e., the sample is reasonably elastic near the gel point.
Fractal dimension (df) at the gel point can be determined from the relaxation
exponent. A percolation based theory for the fully screened excluded volume has been
proposed to relate n and df as, 𝑛 =

𝑑(𝑑+2−2𝑑𝑓 )
2(𝑑+2−𝑑𝑓 )

, where d = 3 for 3D lattice.140 Here, the

fractal dimension varies from 2.5 to 1.25, if the value of n changes from 0 to 1. Using the
above relationship, df has been estimated to be 2.32 for our gel, which signifies compact
structure near the gel point. Such a high fractal dimension at gel point might be due to
presence of branched fibers and many number of short fibers at the early stage of sol to
gel transition.
The rheological data can be discussed in the context of FTIR data. As indicated
from FTIR results, at about 20 min, we notice a shift in carbonyl peak from 1696 cm-1 to
1691 cm-1 which further shifts to 1685 cm-1 at about 25 min and then almost remain
unchanged. Interestingly, as observed in Figure 3.7c, a clear change in slope of shear
moduli has also been seen at about 20 min (also see Fig. B.7), matching with the FTIR
data.
Formation of a gel like material starting from the molecular level self-assembly of
gelators to 1D fibers to 3D network is not well understood. A computational study
indicates that parallel and helical assembly are the preferred, energy minimum structural
motifs for di-Fmoc-L-lysine dimers.133 Additional stacking beyond dimerization lead to
fiber formation and the helical assembly can potentially cause branching in these fibers.
With growing number of fibers and with increasing fiber length a percolation is reached,
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as manifested by the gel point. Farther away from the gel point, the fibers are quite long,
as observed in AFM images. Longer fibers topologically interact (entangle) to form a 3D
network.91 In addition, adjacent fibers can physically interact to form bundles.91
3.8

Gel rheological properties and their concentration dependence
To characterize the deformation behavior of the gel samples, frequency sweep and

strain sweep experiments were performed after the gelation is complete, approximately
60 minutes after the sample loading, as tracked by the time sweep experiments. Figure
3.8a displays shear moduli (Gꞌ and Gꞌꞌ) as a function of frequency for the gels with
different gelator concentration. The results indicate that for all samples tested here, Gꞌ is
at least one order of magnitude higher than Gꞌꞌ. Also, both Gꞌ and Gꞌꞌ are almost
independent of frequency, confirming soft-solid like behavior. Gꞌ has found to be
increasing with increasing gelator concentration.
Low-strain or linear elastic modulus, Gꞌ, can be related to the gelator
concentration (C) or gelator volume fraction () using a power law relationship such as Gꞌ
~ m or [C]m, where, m is the power-law exponent. Here, we obtain Gꞌ ~ 1.8 (Figure
3.8b). Note that the lowest concentration selected here is the minimum concentration
below which no gel formation takes place, whereas, above the highest concentration
considered here precipitation of the gelator during the gelation process has been
observed. The power law exponent varies depending on the underlying network structure
and the type of gelators. Theoretical analysis for entangled semeflexible
polymers/biopolymer solutions provides m = 1.4 for tightly-entangled solutions and m =
2.2 for loosely-entangled solutions.168 However, for densely crosslinked biopolymer
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networks m = 2.5 has been predicted,16 whereas, experimental results indicate m in the
range of 2.1- 3.169–171 For colloidal gels, Gꞌ displays stronger concentration dependence,
for example Gꞌ ~ [C]4.2 for a ZrO2 particles system.172 Earlier reports on molecular gels
indicated, shear modulus scale with gelator concentration with m  1.8 – 4.6.142–146

Figure 3.8

Concentration dependence of shear-moduli.

a) Elastic modulus, Gꞌ, and loss modulus, Gꞌꞌ as a function of frequency. Gꞌ and Gꞌꞌ are
represented by filled and hollow symbols, respectively, viz. 1.7 mM (■,□), 3.4 mM (●,○),
5.1 mM (▲,Δ), and 6.7 mM (♦,◊). b) Elastic modulus (Gꞌ) as a function of gelator
volume fraction. Dashed line represents the power law fitting.

In comparison to polymer gels, rationalization of concentration dependence of
modulus for molecular gel is complex. As observed in microscopy images, fiber diameter
is much smaller than its length, thus the fibers can be considered relatively stiff. Increase
of gelator concentration can cause formation of new fibers resulting in increasing number
of load bearing fibers. But, at the same time increase in fiber diameter, albeit small, can
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lead to higher bending modulus and the corresponding shear-modulus.173 The smaller
exponent (m  1.8) found for our gels compared to semiflexible polymer network is
likely due to the fiber branching, local heterogeneity, or presence of smaller fibers.
These parameters are highly concentration dependent. i.e., structural defects increases as
a function of gelator concentration.
The gels were also subjected to increasing strain amplitude until the failure of gel
takes place. Figure 3.9a displays shear-moduli as a function of strain amplitude. A strainsoftening behavior for all gelator concentration has been observed, manifested by drop in
Gꞌ above a certain strain amplitude. In fact, the strain-softening has been found to take
place in two steps, a small decrease of Gꞌ at a strain amplitude of 1%, followed by a major
drop beyond the strain amplitude of 10%. At high strain-amplitude, a cohesive fracture of
the gel was observed. Figure B.8 displays cohesive fracture of a gel with gelator
concentration of 3.4 mM after subjected to strain sweep test. Interestingly, the gel did not
melt to form liquid like material during the fracture process, as observed in many LWMG
systems.174 In general, molecular gels display strain-softening behavior,111,175 where
strain-softening is more pronounced at about a strain-amplitude of ~ 1%. In contrary, our
gel displayed mostly linear-elastic response up to a strain-amplitude of 10%.
The rheological properties of molecular gels considered here depend on the gel
preparation conditions. Interestingly, if water is added in the gelator/1-propanal solution
at 37 °C, instead of 22°C, the gels display strain stiffening behavior, i.e, the modulus
increases with increasing strain-amplitude beyond a certain strain amplitude. As
displayed in Figure 3.9b, the gel with gelator concentration of 5.1 mM displays a distinct
strain-stiffening behavior. Limited stiffening behavior could be captured for the sample
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with the gelator concentration to 6.7 mM, as the sample underwent cohesive fracture after
a small stiffening response. Note that the nature of organic solvent also plays an
important role. We have shown that gels prepared in DMF-water display only strainsoftening behavior.133 For those samples, two-step strain-softening behavior has also been
observed and the decrease in modulus was significant in the first step, above the strain
amplitude of 0.3%.

Figure 3.9

Shear moduli as a function of strain for different gelator concentration.

Gꞌ and Gꞌꞌ are represented by filled and hollow symbols, respectively, viz. 1.7 mM (■,□),
3.4 mM (●,○), 5.1 mM (▲,Δ), and 6.7 mM (♦,◊). a) Gels were prepared by adding water
at room temperature (22 °C). b) Water was added at 37 °C. The error bars represent one
standard deviation. All data were collected at a frequency of 1 rad/s.
Strain-stiffening behavior has been observed for semi-flexible biopolymer
networks such as collagen, fibrin, actin, and ionically crosslinked alginate gels at strain
amplitude of 10% or lower. 138,176 Such response has been primarily linked to the stiffness
of the semi-flexible chains. Strain-stiffening behavior has also been reported in self-
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assembled triblock copolymer gels, at higher strain-amplitude, because of finite
extensibility of flexible midblock chains.150
Strain-stiffening behavior is not very common in molecular gels. It has only been
reported for a limited number of cases and the origin of such behavior is not well
understood. For example, Fmoc-phenylalanine (Fmoc-F) gels display strain-stiffening
behavior beyond a strain value of ~10%.105 Note that di-Fmoc-L-lyisne and Fmoc-F have
some similarities in molecular structure, as Fmoc-F also has an additional benzene ring.
Presence of two aromatic groups likely resulted in stiffer fibers (larger persistence length)
in these cases. The observed strain-stiffening behavior is most likely related to the
stiffness of the fibers, similar to the semiflexible polymers. We hypothesize that to
observe the strain-stiffening behavior, the fibers must have reasonably large diameter,
have large persistence length, and should not slip past each other during the application
of strain. All these factors in combinations dictate the mechanical responses and a change
in gel preparation condition can affect one of these parameters, leading to strain softening
behavior. Note that even the strain-softening gels presented here can sustain relatively
large strain value of ~10% before failure of the material.
3.9

Relaxation behavior
Applied stress or strain on a gel relaxes over time due to their viscoelastic

behavior. To reveal the relaxation behavior of molecular gels considered here, stress
relaxation experiments were conducted. A small step-strain of 0.1% was applied and
elastic modulus, G(t), as a function of time was recorded for a duration of 1800 s.
Applied strain value was lower than the typical strain value for the initiation of strain70

softening or failure behavior of these gels (see Figure 3.9). Relaxation behavior is
displayed in Figure 3.10 in which first 2 s of the data is not shown, as that portion of the
data is noisy because of rheometer inertia effect. A decay in shear-modulus with time was
observed, however, the stress did not decay completely after 30 minutes. As displayed in
Figure 3.10, the gel relaxes about half of the initial applied stress during 1800 s.

Figure 3.10

Stress relaxation behavior for an applied strain of 0.1%.

Dashed curve is model fitting. The gelator concentration is 3.4 mM.
For self-assembled gels, the relaxation behavior as a function of time can be fitted
𝑡

with a stretched exponential function as 𝐺(𝑡) = 𝐺0 exp [−(𝜏)𝛽 ],91,177,178 where, 𝐺0 is
zero-time shear modulus, τ is the relaxation time, and β is the stretching exponent. To fit
this model to our experimental data both τ and β are treated as fitting parameters in which
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we apply 0< G0 <10,000 Pa, 0 < β < 1 and 0 < τ < 104 s as constrains. The results are
also found to be unchanged by different initial guesses for fitting. The fitting provides τ 
2,550 s and β = 0.31. The application of stretched-exponential function for selfassembled, polydisperse, rod like materials has been proposed by Douglas and
coworkers.91,178 β = 1 indicates a single relaxation time, representing Maxwell model,
whereas, fractional value of β represents polydispersity of relaxation time. For frozen
(temporally persistent) rod like materials, β = 1/3 has been predicted.178
For fibrous biopolymer networks, stress relaxation can be dependent on many
factors including slippage/sliding of fibrous strands and unbinding of weak, noncovalent
interactions among fibers.179 Similarly, in molecular gels, relaxation might be dictated by
topological interactions between the stiff fibers.91 Stress relaxation can also be affected
by strain-induced dissociation, followed by association of gelator molecules within the
fibers, but that is unlikely at low strain. Stress relaxation time has shown to be a function
of fiber length scale, and for stiff-fibers we have τ ~ L5 , where L is the length.91 Long
relaxation time (~2,550 s) in our system is likely caused by the long fibers observed in
our gel. The stretching exponent β ~ 0.31, as predicted theoretically, indicating
distribution of relaxation time, likely associated with polydispersity in fiber dimensions
including varying fiber length, and fiber diameter.91 Poroelastic relaxation which involves
migration of solvent is not significant in our system,180 as gels are sheared under very
small strain amplitude (0  0.001).
The creep and creep recovery tests were also performed to further characterize the
viscoelastic behavior of the gels (Fig. B.9). In a creep test, a small constant instantaneous
shear stress of 5 Pa was applied and the resulting strain was monitored as a function of
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time for 300s. In the creep recovery experiment, which was performed immediately after
creep test, the gel sample was allowed to relax under a zero shear stress while strain
amplitude was recorded. Initial oscillatory response was due to the ‘inertio-elastic’
behavior and such oscillation faded away after about 2 s for both creep and creep
recovery experiments.
Several observations can be made from the creep and creep recovery test. Due to
the elastic behavior of the gel, there was a sudden jump of strain in creep test and after
oscillation the stress increased very slowly. Removing the applied stress in creep
recovery experiment (Figure B9b) shows that 80% of strain (from 0.3% to 0.06%) has
been recovered in ~ 3 s, which indicates elastic-like response. The strain further
recovered gradually during 15 min to 0.02%.
3.10

Cavitation rheology
Although, shear-rheology is a common technique to capture the gelation of

LMWGs as a function of time, there are several challenges than can affect the results. For
example, these gels are quite soft and often dissociate at small-strain (Figure 3.9a).105
Therefore, investigation of the mechanical properties of these gels as a function of strain
and frequency, needs to be conducted on the samples that are prepared on the rheometer
itself (in situ rheology). This process can be time consuming and the results can be
affected because of drying of solvent during the prolonged gelation time. Alternatively,
cavitation rheology technique can be used.150 In cavitation rheology experiments, a
needle is inserted in a gel sample at an arbitrary location, therefore, creating a defect
within the gel sample at the tip of the needle. The gel at the needle tip is then pressurized
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using a syringe pump. During pressurization, the system pressure increases with time and
at the critical pressure, PC, the gel sample at the tip of the needle undergoes rapid
mechanical deformation resulting in either elastic instability (cavitation) or fracture of the
sample (see Figure B.10).38 This process is manifested by a sudden increase in cavity
growth (growth of defect) at the tip of the needle. In general, spherical cavity is observed
when the rapid deformation is caused by elastic instability, whereas, fracture process
causes irregular growth of cavity.
Figure 3.11 displays PC for different gels and the images of the corresponding
defect growth or gel deformation at the needle tip. PC values for these gels are similar
indicating no significant difference in low-strain elastic moduli of these gels.
Interestingly, the nature of gel deformation also depends on the solvent used. For
all gels, except that in DMSO, the cavity growth was around the needle, extended to the
surface. For methanol, the most unstable gel as described above and having the lowest
critical pressure, the cavity moved towards the sample surface. In comparison, for the
case of DMSO, the cavity remains at the tip of the needle. In all these cases, the
deformation at the tip of the needle can be characterized as fracture.
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Figure 3.11

Critical pressure (PC) for different gels obtained from cavitation rheology
experiments.

Micrographs illustrate cavity growth at the tip of needle. Experiments were conducted at
22 °C and 72 hour after water addition. The inner radius of the needle is 156 µm. The
scale bar represents 2 mm.

Figure 3.12a displays Pc as a function of gelator concentration obtained from the
cavitation experiments in 1-propanol/water. The results were obtained by using a needle
with inner-radius of 156 m. Pc has been found to increase with the gelator volume
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fraction, . Interestingly, Gꞌ and Pc are found to have different concentration dependence,
such as Pc ~ ϕ1.3, whereas, as discussed above, Gꞌ ~ ϕ1.8 (Figure 3.12a).

Figure 3.12

Cavitation rheology results.

a) Critical pressure (Pc), linear shear modulus (Gꞌ), and estimated critical energy release
rate (Gc ) as a function of gelator volume fraction. Needle with inner radius (rs) of 156
m was used here. b) Critical pressure Pc as a function of syringe radius for the gels
with gelator concentration of 3.4 mM. All experiments were conducted ~ 3 h after water
addition at 22 °C with pressurization rate of 2 mL/min. The error bars represent one
standard deviation and the dashed lines represent power-law fitting.
For polymeric gels, it has been shown that Pc scales with the elastic modulus of
the material.38,150,181 For neo-Hookean materials and considering the cavity growth
5

involves elastic instability, 𝑃𝑐 ≈ 6 𝐸 +

2𝛾 38
.
𝑟𝑠

Here, rs is the defect size or needle inner-

radius. E is the elastic modulus and considering Poisson’s ratio of 0.5, i.e., for
incompressible material, E = 3G. Elastic instability leads to growth of spherical cavity
at the needle tip. For molecular gels, the fibers cannot be considered Gaussian and the
material is not neo-Hookean, as there is no possibility of chain/fiber extension. Also, the
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cavity growth at the needle tip corresponding to Pc was not spherical (Fig. B.10).
Therefore, for molecular gels, the defect growth at the critical pressure is associated with
fracture of the gels. In cavitation experiments, for a linear elastic material, fracture like
𝜋𝐺 ′ 𝐺𝑐

failure has been represented as, 𝑃𝑐 ≈ (

𝑟𝑠

0.5

)

, where Gc is the critical energy release

rate , rs is the needle radius, and Gꞌ is linear shear modulus. This relationship signifies,
1 0.5

𝑃𝑐 ~ (𝑟 )
𝑠

. To evaluate this, cavitation experiments were conducted with different needle

radius. Figure 3.12b displays Pc as function of inverse of needle radius (1/rs) and we can
1 0.5

reasonably fit, 𝑃𝑐 ~ (𝑟 )
𝑠

. Therefore, the cavity growth in our gel is a fracture like

process.
The above equation can be reorganized to estimate Gc from the critical pressure
as, 𝐺𝑐 ≈

𝑃𝑐2 𝑟𝑠
𝜋𝐺 ′

. Using this relationship, the Gc values are calculated for a fixed needle

radius of 156 m and are plotted in Figures 3.12a. Compared to Pc and Gꞌ, Gc increases
weakly as a function of gelator concentration, as we obtain, Gc ~ ϕ0.71. Note that for
polymeric gels the concentration dependence of Gc has been found to be much
weaker.38,182 Also, the estimated Gc values for our system is ~ 0.1-0.2 J/m2, which is an
order of magnitude smaller the range reported for most of the polymer gels (~ 1 J/m2 –10
J/m2)147–149 and 12-HSA molecular gel.183 The fracture mechanism for a molecular gel is
quite different compared to the polymer gel system. In polymer networks, monomers are
linked via strong covalent bonds and the fracture process involves breaking of those
covalent bonds. In contrary, molecular gels only consist of weaker physical interactions
and as discussed earlier, these gels consist of topologically constrained fibers. The
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strength of physical bonding between two gelator molecules have shown to be of the
order of ~ 50 kBT (where kB is Boltzmann constant) and dissociation of the fibers is
highly unlikely during the fracture process. Most likely, movement of the crack front
during the fracture process involves disentanglement of the topologically constrained
fibers and breakage of weak, noncovalent interactions among the fibers.
3.11

Concluding remarks
Gelation of di-Fmoc-L-lysine in various aprotic and polar solvents and water

mixtures using solvent-triggered method has been achieved. Gels in different solvent
systems display similar mechanical responses, as characterized using cavitation rheology.
Solvation and gel formation was discussed in terms of different solubility parameters.
Further, in situ gelation of di-Fmoc-Lysine in 1-propanol/water mixture has been
investigated using FTIR spectroscopy and shear-rheology. The red-shift in FTIR spectra
captures H-bonding between the gelator molecules leading to self-assembly. WinterChambon criterion has been applied to determine the gel point. A relatively high fractal
dimension indicates high degree of compactness and heterogeneity of the self-assembled
structure. Major shift of carbonyl stretching peak during the gelation process corresponds
to the change in slope in gelation kinetics data. The relaxation behavior of the gels has
been described by the stretched exponential function, with stretching exponent of β ~ 0.3,
similar to that predicted for temporally persistent rod like assemblies. Cavitation
rheology technique has been used to capture the fracture behavior of the gels. We
estimated the energy release rate, Gc ~ 0.1 J/m2, which is lower than typical chemically
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crosslinked polymer network. It has been hypothesized that the failure behavior of the gel
involves disentanglement of topological interactions of the fibers constituting the gel.
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STRAIN STIFFENING AND NEGATIVE NORMAL STRESS IN IONIC ALGINATE
HYDROGELS
This chapter adapted from a previously published work: 1- Hashemnejad, S. M.; Kundu,
S. Strain Stiffening and Negative Normal Stress in Alginate Hydrogels. J. Polym.
Sci. Part B Polym. Phys. 2016, 54 (17), 1767–1775.

4.1

Introduction
Polysaccharides in various forms are ubiquitous in nature such as in extracellular

matrix, in cell walls of plants, algae, and bacteria.184–186 The mechanical responses of
polysaccharides are relevant in mechanotransduction, in providing structural rigidity for
plants, and in maintaining stability of biofilms.187–192 Because of the stiffness of the
building blocks (sugars), polysaccharides chains are considered as semiflexible in nature.
Networks of semi-flexible biopolymers such as collagen, actin, subjected to shear
deformation, display certain common but interesting mechanical responses.17,193–195 For
example, beyond a critical strain value these networks strain-stiffen, which also
corresponds to the demonstration of negative normal stress.193,194,196 Interestingly, such
behavior has not been widely reported for semiflexible polysaccharides networks. To
address that, here, we investigate the rheological/mechanical properties of a model
polysaccharide network, ionically cross-linked alginate hydrogels. Alginates (and other
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polysaccharides) have applications in many areas including in biomedical fields and in
food industry, because of biocompatibility and low-toxicity.13,20,197
Although ionically crosslinked alginate hydrogels are commonly found, the
reported mechanical properties are found to be contradictory, for example, strainsoftening vs strain-stiffening response, depending upon the mode of deformation.198–202 In
this study, with systematic experimental design, we capture strain-stiffening responses
and negative normal stress for alginate hydrogels, similar to that obtained for other
semiflexible polymers,193,194 but the latter has never been reported in literature. The
results obtained for the model polysaccharide can be expected to be observed for other
crosslinked polysaccharide networks, including pectin and chitosan. Furthermore, the
findings are important not only in understanding the physicochemical phenomena in
several biological systems but also in mimicking physiological conditions towards
developing advanced materials for biomedical applications.
Polymer networks often display nonlinear mechanical responses, which are
related to the various factors such as chain flexibility, chain elongation ratio, chain
entanglement, crosslinking density and nature of crosslinking, and homogeneity of the
network deformation (affine vs nonaffine deformation).203 For synthetic polymer gels, the
stress-strain response can be linear or non-linear before failure takes place, whereas,
strain-stiffening behavior at low-strain is commonly observed in biopolymer networks.
Such behavior is mostly due to the limited extensibility of the biopolymer
chains.16,17,22,195 Several attempts have been made to develop a theoretical model to
account for the nonlinear responses of polymer networks and gels.16,17,204,205 Freely
jointed chain (FJC) model is common for polymer networks.203 Here, the elasticity of a
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network is considered to be purely entropic and the polymer chains are considered to be
highly coiled, therefore can be elongated significantly. In contrast, the semiflexible
polymer chains in biological networks do not maintain a coiled conformation but
maintain a straight conformation,16,22 which can only be elongated by a small amount
(often less than 2 times of their initial length).22 Worm-like chain (WLC) model with
finite bending constant (K) has shown to capture nonlinear stress-strain responses for
biopolymer networks.16,22 Recently, a universal model has been developed to capture
nonlinear stress-strain behavior of natural and biological networks and gels.206,207 This
model can capture stress-strain responses over a large strain range for both synthetic and
biological networks, such as collagen, vimentin, fibrin, actin, and pectin, 207 and has been
used here to describe the results of the alginate hydrogels.
During shear deformation, a sample exerts normal force on the rheometer
geometries, orthogonal to the shearing direction. Normal stress (for parallel plate or cone
and plate geometries), σN, is estimated as σN = 2Fz/R2, where R is the radius of plate, and
Fz is the normal force.208 For parallel plate geometry used here, normal stress in the z
direction has contribution from both primary normal (N1 = σθθ – σzz) and secondary
normal (N2 = σzz  σrr) stress differences, such that, σN = N1 – N2. Here, the magnitude of
the secondary normal stress difference is small compared to that of the primary normal
stress difference.208 Normal stress is generally positive (pushing the fixtures apart) for the
non-Newtonian fluids.208 Whereas, semiflexible biopolymer gels,193,194 liquid crystalline
materials,209 emulsions,210 carbon nanotube suspensions,211,212 and poly-carbonate
composites with graphene213 display negative normal force (pulling the fixtures inward).
Several hypotheses have been proposed to explain negative normal stress for all these
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systems and for the biopolymer networks this has been considered to be associated with
the asymmetric force-deformation responses of the individual polymer chains in tension
vs. in compression during shear deformation process.193,194 The magnitude of normal
stress increases with increasing strain and the results are more evident when the
nonlinearity is significant.193,194 As presented here, alginate hydrogels also display
negative normal stress. The implication of observed negative normal stress is likely to be
significant in tissue engineering, for example, in designing an advanced synthetic
extracellular polysaccharide based matrix mimicking biological tissues.
Alginate is a linear anionic polysaccharide composed of β-D-mannuronic acid (M
unit) and α-L-guluronic acid (G unit).20 In presence of multivalent cations, such as Ca2+,
Ba2+, and Al3+,20 and transition metals such as Mn2+, Cu2+, and Fe3+,20,214 alginate can
form a network structure. In addition to limited stretching of the unassociated alginate
chains, bending of alginate chains, dissociation of ionic bonds contribute to the
mechanical responses.198,199,215 Here, for rheological investigations, alginate hydrogels
were prepared by in situ gelation technique with sand paper coated fixtures. As a result,
the samples were strongly attached to the rheometer plates and the interfacial slippage
during large-strain deformation was largely avoided. Our results provide additional
understanding of the deformation behavior of ionic alginate hydrogel.
4.2
4.2.1

Experimental section
Materials
Sodium alginate powder was kindly provided by FMC BioPolymer (Protananal

LF 20/40, FMC Technologies, Batch # G5703401). As reported in the literature, the
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molecular weight, Mw, and the fraction of G blocks in an alginate chain, i.e., G/(G+M),
for this particular grade of alginate are 260,000 g/mol and 0.78, respectively.216 Dibasic
calcium phosphate (CaHPO4) and glucono delta-lactone (GDL) were obtained from
Sigma Aldrich (St. Louis, MO, USA). To obtain different crosslinking density, Ca2+
concentration of 10 mM, 12.5 mM, and 15 mM were chosen. The molar ratio of GDL to
CaHPO4 was kept constant at 3. All chemicals were used as received. Deionized water
(resistivity of 18.2 mΩ) was used for hydrogel preparation.
4.2.2

Preparation of alginate hydrogels
Alginate stock solution with polymer concentration of 10 mg/mL was prepared by

mixing alginate powder in deionized water using an overhead mixer (Troemner LLC) at
1000 rpm for 20 minutes. The desired amount of CaHPO4 powder was introduced in the
alginate stock solution and was then mixed for 5 minutes at 1000 rpm. GDL, which is
highly soluble in water, was added to the CaHPO4-alginate solution followed by mixing
for 30 seconds. The purpose of GDL is to obtain Ca2+ in the solution for ionic
crosslinking of alginate chains. The solution was then either transferred to the rheometer
for in situ gelation or in a polystyrene petri dish for gelation at room temperature, for an
identical gelation time. The casted gel in petri-dish with an approximate height of 1 mm
was cut into 25 mm diameter disks for conducting rheological experiments.
4.2.3

In situ gelation
For in situ gelation, the solution was placed between two 25 mm plates in a TA

Instruments HR-2 rheometer. Adhesive backed silicon carbide sand papers (grit # 60,
Allied High Tech Products Inc.) were used for both upper and bottom plates to reduce the
84

slippage between the gel and the rheometer plates. Super glue was also applied to the
sand-paper to increase the adhesion between the sand paper and the upper plate. The
geometry inertia calibration was conducted with sand paper. Time sweep tests were
conducted at a strain of 0.1% and frequency of 0.5 rad/s to capture the increase of shear
modulus resulted from gelation. Gelation time was varied between 6 and 10 hours
depending on the Ca2+ concentration used. To reduce water evaporation during gelation, a
closed environment (Figure 4.1a) around the rheometer geometry (upper and bottom
plates) was maintained (Fig. C.1).
4.2.4

Rheological experiments
All rheological measurements were conducted using a 25 mm parallel- plate

geometry at room temperature (22 °C). The raw normal stress values during oscillatory
shear experiments were recorded using a data capture software provided by TA
Instruments. MITlaos software was used to analyze the raw data obtained from LAOS
experiments.34 All experiments were conducted at least three times and representative
data are shown. The error bars represent one standard deviation. IGOR Pro, version 6.37,
was utilized to fit a constitutive model to the experimental data.
4.3
4.3.1

Results and discussion
In situ gel formation
The evolution of in situ gel formation was captured by performing a small

amplitude time sweep test. Figure 4.1b displays the first harmonic elastic and loss moduli
(Gꞌ1 and Gꞌꞌ1) as a function of time capturing the gelation of an alginate solution (tan is
shown in Fig. C.2). Both Gꞌ1 and Gꞌꞌ1 increase, with time as gelation progresses and reach
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a plateau after seven hours. At that instance, the elastic modulus is more than an order of
magnitude higher than the loss modulus, indicating the completion of sol to gel transition.
Time sweep experiments were then stopped and other rheological experiments were
conducted on these hydrogels. The low-strain rheological behavior of the casted gels and
that are obtained from in situ gelation techniques were similar (Fig. C.3), indicating
negligible water evaporation during prolonged gelation process in our custom-built setup.
For in situ gelation, negative normal stress on the order of 500 Pa developed during the
gelation process. This was likely due to the shrinkage of the sample during the
crosslinking reaction between Ca2+ and alginate chains as the sol to gel transition takes
place.217 Such normal force was removed prior to the rheological investigations by
manually reducing the gap between the plates (gap reduction is on the order of 0.5 % - 1
%).

Figure 4.1

In situ gelation setup; b) Evolution of Gꞌ1, and Gꞌꞌ1 as a function of time.
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The dynamic moduli are measured in small amplitude oscillatory shear (0 = 0.1 %) and
frequency of 0.5 rad s-1. Alginate concentration is 10 mg/mL and [Ca2+]  12.5 mM.
The gelation of alginate solution takes place through binding of Ca2+ to the G
units of the different alginate chains (Figure 4.2).198,199,215,218 Multiple G units defined as
G block, connected by Ca2+ ions form junction zones.198 These junction zones act as
crosslinks and a three-dimensional network is obtained.198,199,215,218 The ion binding
ability of GG sequences is because of the geometric conformation of these blocks, which
can accommodate multivalent cations in comparison to the MM or GM sequences.20,218

Figure 4.2

Alginate structure and ionic gel formation.

a) Stereoisomers including α-L-guluronic acid (G unit) and β-D-mannuronic acid (M
unit) in alginate chains. b) Schematic of ionic gelation of alginate chains with divalent
Ca2+.
4.3.2

Oscillatory shear measurements
Oscillatory shear experiments are commonly conducted to investigate flow and

deformation behavior of soft materials.33,150,208 Here, a sinusoidal strain is applied to the
sample and the corresponding stress value is recorded. In the linear deformation region
(i.e. small-strain amplitude), the material response is purely sinusoidal with a phase angle
difference of δ. Therefore, the elastic and viscous contribution can be characterized by
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first harmonic moduli, i.e. Gꞌ1 or e1 and Gꞌꞌ1 or υ1, respectively.33,34,150 However, at large
strain amplitude, the material responses may become nonlinear and the stress responses
deviate from the sinusoidal response (distorted). In this case, the first harmonic moduli
cannot capture the data adequately, i.e. stress response cannot be fitted by a pure ellipse
in stress-strain curve. It has been shown that Chebyshev polynomials of the first kind is
appropriate to capture both linear and nonlinear responses of a viscoelastic material.34
The intra-cycle nonlinearity can be quantified by estimating the magnitude and sign of
the third order Chebyshev coefficient, e3. The positive values of e3 represent the strainstiffening, whereas, negative values represent strain-softening behavior of a soft
material.34
To obtain bulk rheological parameters for alginate hydrogels, oscillatory shear
experiments were performed on the samples prepared by in situ gelation technique.
Figure 4.3a displays the first harmonic shear elastic modulus (Gꞌ1) as a function of
applied strain amplitude for different Ca2+ concentrations. In general, Gꞌ1 increases with
the addition of Ca2+ ions. This indicates that the density of load-bearing chains increases
with increasing Ca2+ concentration, resulting in increased shear modulus. It can be
hypothesized that the additional Ca2+ ions can bind with more numbers of G blocks to
form new junction zones (1D growth). However, small angle X-ray scattering studies
indicate that increasing Ca2+ concentration can lead to growth of the lateral dimensions of
junction zones,219 i.e., more number of alginate chains (G units) associate with the
already present junction zones to multiply junction zones. It has also been shown that the
fractal dimension (df) of the junction zones increases with increasing Ca2+ concentration.
For example, for alginates having molecular weight of 455,000 g/mol and G fraction of
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0.5, df increases from 2.14 to 2.49 with increasing Ca2+ concentration from 10 mM to 20
mM.220 Fractal dimension was estimated using Winter-Chambon’s criteria from the
critical phase angle (δc) corresponding to the sol to gel transition point.220,221 The fractal
dimension closer to 3 indicates thicker junction zones, i.e., the growth of lateral
dimension of junction zones in 3D rather than in 1D.

Figure 4.3

Oscillatory shear measurements for the hydrogels consisting of 10 mg/mL
of alginate.

a) First harmonic elastic modulus, Gꞌ1, for different concentration of Ca2+. b) Lissajous–
Bowditch curves at different oscillatory strain amplitude for a sample with [Ca2+]  12.5
mM. The inset displays the elliptical responses at small strain. c) Estimated e3 from the
stress-strain curves shown in Fig. 3b. Measurements were conducted at 22 °C and with an
applied frequency of 0.5 rad s-1.
For all three concentrations of Ca2+ investigated here, beyond a critical strain, the
Gꞌ1 increases with increasing strain amplitude. This inter-cycle stiffening behavior
indicates that the alginate hydrogels strain stiffen at large strain and the strain stiffening
become detectable at about strain amplitude of 0 = 10%. The change in shape of
Lissajous curves (stress vs strain) provide a qualitative understanding of nonlinear
materials responses. The results for alginate hydrogel with [Ca2+]  12.5 mM are
displayed in Figure 4.3b. At small oscillatory strain amplitude (0  10%), elliptical
89

curves demonstrate the linear responses of the hydrogel (Figure 4.3b, inset). The
nonlinearity at large strain can be clearly observed from distorted stress responses.
Figure 4.3c displays the estimated e3 values from the Lissajous curves that are
presented in Figure 4.3b. The values of e3 are zero or too small to be discerned from the
torque responses at small strain amplitude. Positive e3 in the nonlinear region (0  10%)
indicates intra-cycle stiffening behavior. The importance of using third order term in
Chebyshev expansion for capturing stress response is also shown by the ratio of
estimated e3 relative to Gꞌ1 (e3/Gꞌ1 or e3/e1) as a function of strain amplitude (Figure 4.3c,
inset). The ratio of e3/Gꞌ1 was found to be as high as 10% for 0  88%. The nonzero
values of e3/Gꞌ1 indicate that the first harmonic shear-modulus does not capture the
rheological behavior completely.
The elastic contribution of total stress can be estimated from the Lissajous curves.
The hydrogels investigated here do not display significant viscous loss, as Gꞌ1 >> Gꞌꞌ1
(Fig. C.4) and the areas of the Lissajous curves are not significant. Also, Gꞌ1 was found
to be almost independent of the frequency (Fig. C.5), indicating solid like behavior. Thus,
we only consider the elastic contribution of the stress-strain curve for further evaluation.
Figure 4.4 displays the elastic stress as a function of strain for three Ca2+ concentrations,
[Ca2+]  10 mM, 12.5 mM, and 15 mM. These are obtained by plotting the elastic stress
for six stress-strain cycles with different (increasing) strain amplitude (see Fig. C.6).
Here, only the positive values are considered (first quadrant), consistent with the
symmetric nature of the stress-strain curves. For all three concentrations, elastic stress for
each cycle with increasing strain amplitude closely follows that obtained at lower strain
amplitude. Superimposability of the elastic responses with increasing strain amplitude
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indicate reversible elasticity of these alginate hydrogels. It is likely that no significant
structural change (i.e. dissociation of ionic bonding) takes place during shear. The
superimposed elastic responses obtained here can be considered as shear-stress vs. strain
curves for these gels, similar to that obtained from uniaxial tension and compression
tests.199–201 The upward trend at higher strain clearly demonstrates the nonlinear
stiffening behavior of these gels.

Figure 4.4

Estimated elastic stress vs strain from Lissajous plots shown in Fig. 3a.

Six strain amplitude values are considered. Alginate concentration was 10 mg/mL and
[Ca2+]  10 mM, 12.5 mM, and 15 mM, respectively. Measurements were conducted at
22 °C and at a frequency of 0.5 rad s-1.

91

It has been hypothesized in literature that the ionic bonds in alginate gels can
dissociate at large strain.198,199,215 To probe that further we conducted multiple strainsweep experiments on a same sample. Figure 4.5 displays the results for three successive
LAOS experiments for a sample with [Ca2+]  10 mM. Strain amplitude, 0, was selected
to be smaller than 100% in the first run followed by two successive runs with maximum
strain amplitude of 300%. Although the Gꞌ1 values for the second LAOS experiment are
slightly smaller than that of the first one, the stiffening response remain unchanged.
Particularly, the onset of the nonlinearity for both runs occurs at similar strain amplitude
(approximately, 0 = 10%). In the second run, the drop of Gꞌ1 above the strain amplitude
of 88 % is likely related to the detachment of the sample from the rheometer plates. This
is further evident in the third LAOS experiment, where Gꞌ1 decreases at large strain
(softening behavior). Interestingly, Gꞌ1 values at small strain (i.e. in linear region) in the
third LAOS experiment are similar to the previous runs. At small strain, the friction
between the sand paper and the gel sample was sufficient to prevent slippage and similar
moduli were obtained. The slight decrease in modulus in the second LAOS experiment,
mainly at large strain values, most likely due to slippage at the gel and plate interface (as
a result of detachment of the sample from the plate) or very small amount of unzipping
of the ionically crosslinked egg-box junctions during the first LAOS experiment. In
contrast to the results presented here, casted gel samples always display strain-softening
behavior (Fig. C.3), because of slippage of the gels at the plate/gel interface.
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Figure 4.5

First harmonic elastic and viscous modulus, Gꞌ1 and Gꞌꞌ1, for three LAOS
experiments.

Here, alginate concentration is 10 mg/mL and [Ca2+]  10 mM and measurements were
conducted at 22°C and a frequency of 0.5 rad s-1.
4.3.3

Constitutive equation for alginate hydrogels
Capturing the stress-strain behavior with a suitable constitutive equation provides

further details on the deformation behavior of alginate networks. Persistence length, lp, of
the polymer chains is an important parameter in determining network flexibility.
Biopolymers with semiflexible or wormlike chains have higher lp compared to that of the
flexible chains. For instance, f-actin chain with the repeat unit length of 40 nm has lp ~
16.7 µm,222 whereas, polyethylene has lp of about 0.7 nm.203 In order to evaluate stiffness
of a network, lp/lc is considered, where, lc is the contour length or maximum chain length
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between the crosslinks. In a case where lc is of the same order of magnitude as lp, bending
of the chains become significant.22,203
lp for alginate chain is on the order of 15 nm, which also depends on the fraction
of M and G blocks present.223 For an alginate chain with molecular weight of 260,000
g/mol, similar to that considered here, the estimated fully stretched length of an
individual chain is about 670 nm. The sequence of M and G blocks for our alginate is not
known. However, the maximum chain length between the junction zones or crosslinks
(lc), mostly the M and the G blocks that are not linked with Ca2+ ions, can be estimated
for our system considering two extreme scenarios. If we assume that alginate is a diblock
copolymer consisting of only two blocks with G and M monomer units having molecular
weight of 203,000 g/mol (0.78 X 260,000 g/mol) and 57,000 g/mol, respectively, and all
the G blocks are saturated with Ca2+ ions, the length between crosslink is calculated to be
as high as 168 nm. This corresponds to the length of M block. In another case, we assume
a block copolymer, in which there are multiple G blocks each consisting of 40 G
monomer units (corresponding to 20 Ca2+ residues), minimum number required to form a
crosslinked gel.198 In this case, the distance between crosslinks can be estimated to be as
small as 6 nm. In both these cases, the length between the crosslinks can be altered by
changing the level of saturation of G blocks through varying the Ca2+ concentration.
Similarly, variation in monomer sequence can lead to different lc. For a similar monomer
sequence, lc can be a function of Ca2+ concentration. Based on the above discussion, it
can be safely assumed that the lc for our system can be on the order of 10 nm.
The network mesh size (), a measure of the average distance between the
crosslinks, can be estimated from the low-strain shear modulus values using simplified
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assumption of rubber-elasticity as  = (kBT/ Gꞌlin)1/3.224 Here, kB is the Boltzmann
constant, T is absolute temperature, and Gꞌlin is the low-strain shear modulus. This
relationship gives,  ≈ 18 nm, 16 nm, 12 nm, for the [Ca2+] of 10 mM, 12.5 mM, and 15
mM, respectively. Therefore,  is on the order of 10 nm. Based on the experimental data
correction factors can be incorporated for estimating , but such corrections lead to
values that are of similar order of magnitude estimated from the rubber-elasticity
theory.225 This signifies that  is on the order of lc, i.e, the chains are in relatively straight
conformation and our system can be considered as semiflexible.
During mechanical deformation, the chains between the junction zones can
undergo chain stretching (mostly entropic) and because of the relatively straight
conformation, the chains cannot display a large stretching. In addition, the chains can
undergo bending and buckling in compression. All these phenomena dictate the
mechanical response of the alginate gels. The maximum strain applied to our samples
was less than 100%. At this strain value the bond stretching (enthalpic) is not expected to
be significant and is not considered here.
To capture the mechanical response of the gel, we consider the constitutive model
developed by Dobrynin and coworkers.206,207 Although the model was not developed for
the systems consisting of crosslinks with finite-dimensions, as observed in our alginate
network, this model has been applied to pectin network. We also obtained interesting
insight by applying this model to the alginate gels. Here, shear stress (τ) as a function of
shear strain, , can be written as:207
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Where, Gꞌlin is the linear shear modulus or low-strain modulus, bK is Kuhn length,
b is bond length, β is chain elongation ratio (ratio of mean-square distance between the
crosslinks or junction zones in the network that is not deformed and mean-square length
of fully extended chain), and K is the chain bending constant between crosslinks. Chain
elongation ratio (β) varies between 0 and 1. For rubber network, consisting of flexible
coiled chains, the value of β is as small as 0.03, whereas, for the networks consisting of
stiffer chains with straight conformation such as biopolymer networks, the value of β can
be close to the unity, e.g., β = 0.98 for actin network with lp  lc.22,226 For alginate chains,
instead of C-C bond length, the length of M and G blocks can be considered as b, i.e., b 
0.5 nm. Kuhn length (bK) is equal to 7 nm, as reported in literature for alginate chains
having similar molecular weight considered here.216 The above equation is fitted with the
elastic shear stress vs shear strain data obtained from LAOS experiments (Figure 4) with
β and K as the fitting parameters. Since for biopolymer networks, bending constant K is
much bigger than 1 and  approaches unity.206,207,226 Therefore, for our fitting, we applied
two constrains: 0.5 < β < 1 and 1 < K < 1000. The results are found to be not sensitive
on the initial guesses.
Figure 4.6 displays the model fit for three different Ca2+ concentrations. Here,
Gꞌlin values are obtained from oscillatory shear experiments (linear region in Figure 4.3).
The estimated values for β and K (summarized in Figure 4.6) are very similar for [Ca2+]
of 10 mM and 12.5 mM. However, the β and K values increase for [Ca2+] ≈15 mM.
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To determine the level of saturation (G blocks), we prepared samples with higher
Ca2+ concentrations, as high as 100 mM. Small strain shear-modulus values (Gꞌ1) for
these samples are presented in Fig. C.7. It was noted that Gꞌ1 increases sharply as [Ca2+]
increased from 7.5 mM to 15 mM and then reaches a plateau, indicating Ca2+
concentration of 15 mM is near to the saturation point, where all G blocks are involved in
crosslinking.
β in the range of 0.64-0.79 signifies some amount of stretching of alginate chains.
Stretching is higher at lower Ca2+ concentration, whereas, with increasing saturation the
chain stretchability decreases. The fitted data shows finite values of bending constant.
The bending constants can be due to bending of alginate strands connecting two junction
zones and/or bending of the junction zones. Bending constant, K ~ D4, where D is the
diameter of a single strand or the junction zones.227 Bending constant of alginate chains
between crosslink does not change with the addition of Ca2+ in the system. The increase
of the value of K for the [Ca2+] of 15 mM suggests that the bending of the stiff junction
zones during deformation is also important at higher saturation level.
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Figure 4.6

Elastic shear-stress vs. strain for three different [Ca2+] with model fit.

Filled circles are experimental data and the dash lines are model fit. Here, bK/b is
considered to be equal to 14, K and β are fitted parameters. The error in K values
represent the fitting error.
4.4

Negative normal stress
Many semiflexible polymer networks that display strain-stiffening behavior in

shear deformation also exhibit negative normal stress.193,194 Figures 4.7a display the
normal and shear stresses of alginate hydrogels as a function of time for a strain
amplitude (0) of 35 % over multiple strain cycles. As indicated above, negative normal
stress on the order of 500 Pa developed during in situ gelation process. After in situ
gelation, the gap was reduced manually to remove the negative normal force before the
strain-sweep experiments. In a given strain cycle, the magnitude of the normal stress
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reaches the maximum at the maximum strain and then reduces to zero at zero strain. The
sign of normal stress remains negative, independent of the direction of rotation. The
magnitude of negative normal stress is significant and changes with the strain amplitude.
Figure 4.7b displays the normal stress and shear stress for three different strain
amplitudes (0) of 50 %, 65 %, and 80 % for four oscillatory cycles. Magnitude of both
shear and normal stresses increase with increasing strain amplitude. For 0 = 35 %, the
magnitude of both normal and shear stresses are similar. However, the magnitude of
normal stress exceeds that of the shear stress for 0 of 80%. To the best of our knowledge
this is the first report of negative normal stress for polysaccharide hydrogels. The strain
amplitude considered in Figure 4.7 fall in the nonlinear or strain stiffening region, and it
is likely that negative normal stress is linked to the stiffening response. It is important to
note that the relatively high negative normal force possibly led to the detachment of the
sample from the top plate. As a result, responses at further higher strain could not be
captured.
In addition to semiflexible polymers, negative normal stress has also been
reported in liquid crystalline systems and polymer nanocomposites.209,211,228 Majority of
these systems constitute of very stiff building blocks (rod like materials), for example,
semidilute non-Brownian carbon nanotube suspensions.211 The origin of negative normal
stress for these system is not precisely known but different theories have been proposed
including tumbling of rod-like molecules and contraction of a sheared sample due to the
alignment of rod like stiff molecules.229 In the case of semiflexible polymer networks, it
has been speculated that negative normal stress arises from asymmetric extension and
compression behavior of the polymer chains.193 In a recent work it has also been shown
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geometric factor can also lead to negative normal stress.230 It is often considered that
strain-stiffening responses and negative normal stress are complimentary phenomena.193
However, triblock copolymer gels consist of poly(methylmethacrylate)–poly(nbutylacrylate)–poly(methylmethacrylate) in a midblock selective solvent display strainstiffening behavior at large strain amplitude150 but the gels always display positive
normal stress (Fig. C.8). It is important to note that the poly (n-butylacrylate) midblock is
flexible in comparison to alginate chains. Therefore, in simple-shear deformation the
negative normal stress and rigidity of the chains are most likely linked.
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Figure 4.7

Shear stress and corresponding normal stress during oscillatory shear
experiments for different strain amplitudes at a frequency of 0.5 rad/s.

Here, alginate concentration is 10 mg/mL and [Ca2+]  12.5 mM. a) Normal stress, shear
stress and the applied strain (for a constant strain amplitude, 0 = 35%) as a function of
time; b) Normal stress and shear stress at different strain amplitudes (0): 50 %, 65 %,
and 80%.
4.5

Concluding remarks
Rheological properties of alginate hydrogels were investigated using large

amplitude oscillatory shear rheology on the samples that are obtained through in situ
gelation. The gels display strain-stiffening behavior before the samples detach from the
rheometer plates. At large-strain, negative normal stress was observed, which has not
been reported earlier for polysaccharide gels, and is likely linked to the stiffness of the
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alginate chains. The magnitude of normal stress increases with increasing strain and can
exceed that of the shear stress at large strain. From the elastic components of the stressstrain curves, a representative shear-stress vs strain curve was obtained and was fitted
with a recently developed theoretical model. Ca2+ concentration influences the
deformation mechanism of the alginate gels and our results show that stretching and
bending of the chains, and bending of the junction zones dictate the deformation
behavior. We expect that our results for polysaccharide gels is general and similar results
can be expected from other crosslinked polysaccharide networks.
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SHEAR OSCILLATORY AND CAVITATION RHEOLOGY OF CHEMICALLY AND
IONICALLY CROSSLINKED ALGINATE HYDROGELS
This chapter adapted from a previously unpublished work: Hashemnejad, S. M., Weigand
S., Kundu, S. Shear oscillatory and cavitation rheology of chemically and
ionically crosslinked alginate hydrogels, in preparation (2017).

5.1

Introduction
Biological gel-like materials with semiflexible to rigid polymer chains display

unique nonlinear mechanical properties when subjected to an external load to maintain
the structural integrity.16,17,193 They often exhibit strain-stiffening upon being strained. In
addition, the strain stiffening responses mostly occur at low to moderate strain
amplitudes.16,17 These nonlinear mechanical properties are in contrast to rheological
behavior of the most synthetic polymer gels with relatively more flexible chain
backbone.231 For example, actin and collagen gels with semi-flexible chain stiffen at low
strain amplitude (  0.1).22 Whereas, polyacrylamide gels with flexible chains exhibits
no such stiffening behavior. Interestingly, a physically self-assembled synthetic polymer
gels with flexible chain also displays a stiffening behavior,150, however, the stiffening
behavior also eliminates at higher polymer volume fraction.150 The strain-stiffening
responses is theoretically linked to entropic contribution of chain bending at moderate
strains and enthalpic bond stretching contribution at higher strains.16,17 Similarly,
103

dynamic mechanical properties revealed that ionic alginate gel networks exhibit strain
stiffening behavior in both shear and axial deformation modes.138,199
In shear mode, biological gels also exhibit a negative normal force as a result of
shearing (i.e. material shrink orthogonal to shear direction).194 Apparently, these behavior
are critical for preserving mechanical integrity of the extracellular matrices e.g.
collagenous tissues. This behavior is in contrast with most gels with flexible chains. The
origin of generated either negative or positive normal stress has been found elusive.230,232–
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It was hypothesized that semiflexible biopolymer tend to exerting more tension rather

than compression and as a result it generates negative normal force.193 Interestingly, ionic
alginate gels also generate negative normal stress on imposed shear oscillation.138 It was
shown that strain stiffening and negative normal characteristic are not necessarily
correlated. For example, self-assembly triblock copolymer gels with relatively flexible
chains, displayed strain stiffening behavior but exerted positive normal force (i.e.
material expands orthogonal to shear direction) when a shear is applied.138
Alginate is a sugar-based non-toxic polymer which very often used in food
industry and tissue engineering.20,235 Alginate is a naturally-driven polymer extracted
from algae. It contains two monomers in its linear backbone called M and G unit with
having different stereochemistry.20,236 Polymer of alginate forms hydrogel either ionically
or chemically.198 Alginate solution forms gel in presence of multivalent cations such as
Ca2+. Calcium crosslinking of alginate solution can be performed either by fast gelation
method using highly water soluble CaCl2 or controlled gel formation using slow release
of calcium from an insoluble calcium salt e.g. CaHPO4.138 It has been shown that ionic
gelation is mainly promoted by G units in polymer chain, where Ca2+ ions can be
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accommodated to act as crosslinking in the network.20 Polymer of alginate solution also
covalently forms gel via amidation reaction between carboxylic groups in alginate chain
and a multi-amines water soluble crosslinker agent.198 Alginate hydrogels presented here
were formed both ionically and covalently. A fixed alginate concentration was used (10
mg/ml) whereas crosslinker concentration varied to obtain gels with different moduli
relevant to physiological environment.
Large amplitude oscillatory shear (LAOS) is a commonly used measurement
protocol to characterize nonlinear rheological behavior of viscoelastic materials.33 It was
demonstrated that coupling a shear rheometer and a particle image velocity (PIV) system
provides shear banding analysis during applying shear strain.237 Gels are being be loaded
with small percentage of particles where can be shined by a laser beam. Monitoring
particles provides velocity profile which then can be used as a tracking component to
capture shear banding profile. In addition to that, cavitation rheology has become an
important tool to study the materials elastic instability and fracture behavior of soft
gels.150,182,238,239 It involves expanding a defect inside a material by pressurizing an
introduced defect inside a gel. The initial defect is introduced by inserting a needle into a
gel. At some inflating pressure (so called critical pressure, Pc), pressure suddenly drops
due to the expansion in material. It was shown for neo-Hookean elastic gels, elastic
modulus (Gꞌ) can be mathematically correlated with Pc. where material elastically
expanded at instability. For fracture involved expansion, critical energy release rate can
be determined from Pc, assuming a linear fracture mechanism.39,182,38 Here, we have used
these frameworks to characterize alginate gels where formed ionically and chemically.
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We further linked the rheological data to the molecular structure of the gel by performing
small angle X-ray diffraction analysis on our gels.
5.2
5.2.1

Experimental section
Material
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC), 1-

Hydroxybenzotriazole hydrate (HOBt), Adipic acid dihydrazide (AAD), 2-(NMorpholino)ethanesulfonic acid (MES), NaOH, calcium phosphate (CaHPO4), and
glucono delta-lactone (GDL) were purchased from Sigma-Aldrich (St. Louis, MO).
Sodium alginate rich in G units and Mw ~ 260,000 g/mol (Protanal LF 20/40) was
provided by FMC Technologies. DI water with resistivity of ~ 18.2 m was used for gel
preparation. TiO2 particles (TSI model #10086A) with nominal mean diameter ~ 3-5 m
was purchased from TSI.
5.2.2

Gel formation
Chemically crosslinked alginate gels prepared using amide bond formation

between carboxylic acid functional group in polymer of alginate and diamine (AAD) as a
crosslinker. In order to do so, carboxylic group in alginate where activated using EDC
and HOBt. Reaction was conducted at a fixed pH ~ 6.0. Buffer solution was prepared by
adding NaOH (0.1 M) into MES (0.1M) solution until the pH~6.0 was achieved. Alginate
stock solution (10 mg in 1 mL, i.e. 1% wt.) was prepared by mixing alginate powder in
the buffer solution using an overhead mixer (Troemner LLC) for ~ 20 min and ~ 1000
rpm (similar mixing speed was applied in all mixing steps). Subsequently, EDC was
added (mixed for ~ 1 hr) followed by HOBt (mixed for ~ 1 hr). An equimolar amount of
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EDC and HOBt was selected with respect to carboxylic acid group in the system. Lastly,
the desired amount of crosslinker (AAD) was added into the solution and mixed it for ~ 1
min. the solution was then transferred on a rheometer for in situ gelation and rheological
characterization. For PIV image analysis, TiO2 particles (~ 0.0005 % wt.) was also added
along with AAD during the last step of gel preparation.
Ionically alginate gels were prepared by mixing alginate powder in DI water (final
alginate concentration was kept at 1% wt., similar to above). Given amount of calcium
phosphate was introduced into the solution and mixed for additional 5 min. Finally GDL
(GDL/ CaHPO4  3 mol/mol) was added followed by mixing for ~ 30 s. The solution was
then either transferred into a rheometer or glass vials for gel formation.
5.2.3

Shear rheology
A stress controlled rheometer (HR2, TA instrument) was used to perform

rheological experiments. A 20 mm solvent trap parallel plate geometry was used to
control evaporation during in situ gelation. Adhesively backed sand paper (grit # 60) was
used for both upper and lower plates to minimized slippage at the gel-geometry
interfaces. Gap was kept at 1.5 mm unless otherwise mentioned. Time sweep experiment
was performed to capture in situ gelation on the rheometer (strain amplitude, 0 = 0.1%
and angular frequency ω = 1 rad/s). It was then followed by frequency sweep tests (at 0
= 0.1% and ω = 0.1 rad/s - 20 rad/s) and strain sweep tests (at ω = 0.5 rad/s 0 = 0.1%300%). Strain sweep run was performed with 2 oscillatory cycles at a given strain
amplitude. Raw data during LAOS was analyzed using MITlaos program. All rheological
tests were conducted at RT.
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Negative normal force (NNF) was collected using auxiliary data logger software
(provided by TA Instruments).
5.2.4

Cavitation rheology
A custom built cavitation rheology set-up was used as discussed in the previous

chapter. In short, a gel sample (casted in 20 mL glass vial) was locked on a movable
stage (Z translation stage with standard micrometer) and then vertically moved in order to
insert a needle (24 gauge, Metal Hub NDL, 2 in, point style 3 from Hamilton) into the
gels. Samples are stored overnight for gel formation prior to perform cavitation rheology.
Needle was connected to a syringe using transparent plastic tubing (A 60 mL syringe was
used). Compression speed was controlled using a programmable syringe pump (New
Era). Infusion rate was kept fixed at 5 mL/min. Pressure transducer (Px26 series, Omega
Engineering) was connected to the needle to record the gauge pressure. Either A digital
20 fps camera (Basler) or a high speed camera (up to 6000 fps, M310 Vision Research)
mounted on XY translation stage and it was then adjusted to capture the needle tip inside
the gels. The cavitation experiment was controlled by a program written in LabVIEW
software. All experiments were repeated at least five times.
5.2.5

Rheo-PIV
A particle image velocimetry (PIV) system was assembled in our lab and coupled

to the rheometer, HR2 (schematic is shown in Figure C.9). PIV system consists of a diode
laser with output Power 10mW and generating continuous wave in 780nm wavelength, a
high speed camera (M310, Vision Research), VZM™ 600i zoom imaging Lens, a right
angle prism rotary mount for holding the prism. Laser, lens, prism, and prism holder were
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purchased from Edmond Optics. A cone plate geometry with diameter of 2 inches was
used. Bottom cone plate with 2° angle was made of aluminium and then black anodized
(Precision Machine). Upper plate was made of quartz. A circular laser beam was shined
to the sample (approximately 1 mm from the edge of plates) orthogonal to shear
direction.
5.3
5.3.1

Results and discussion
Shear rheology
Chemically crosslinking of alginate was performed using carbodiimide

crosslinker chemistry. Carboxylic acid functional groups in polymer of alginate was first
activated prior to coupling carboxylic groups to primary amines in diamine crosslinking
agent (AAD). Activation of carboxylic acid carried out using EDC and then further
activated with HOBt. Reaction was performed in buffer solution with pH ~ 6 in order to
activate carboxyl groups. pH of the reaction solution is also much higher than pKa of
primary amine in AAD (pKa ~ 2.5) to avoid presence of unreactive protonated amine, i.e.
NH3+.
Sol-to-gel transition was performed in situ on a rheometer by monitoring the
evolution of viscoelastic properties. Figure 5.1a displays shear modulus (Gꞌ) and shear
viscous (Gꞌꞌ) as a function of time with crosslinker concertation of 12.5 mM. After about
8 hr Gꞌ reaches a plateau where is higher than that of Gꞌꞌ. This indicates completion of the
gelation process. Figure 5.1b displays frequency sweep behaviour after ~ 8 hr of loading
the sample on a rheometer. As shown, elastic behaviour is nearly frequency independent
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and Gꞌ is more than two order of magnitude higher than Gꞌꞌ which is an indication of gellike response.

Figure 5.1

Gel formation of covalently crosslinked alginate.

(a) Evolution of viscoelastic moduli captured in situ on a rheometer during chemical
formed alginate gel at strain amplitude 0 = 0.1% and ω = 1 rad/s. (b) frequency sweep
test after ~ 8 hr of loading the sample at 0 = 0.5%. Concentration of alginate and AAD
are 1% wt. and AAD  12.5 mM, respectively.

To investigate large strain deformation of the gels, LAOS experiment were
performed. A stepwise increasing of oscillatory shear strain was applied after gels were
formed in situ on a rheometer. Figure 5.2a displays viscoelastic properties in LAOS
experiments for the gels with different crosslinking concentrations (AAD  10 mM, 12.5
mM, and 15 mM). Shear modulus at linear regime (Gꞌlin) increases as a function of
crosslinker concentration. This is due to the increasing of load bearing chains in the
network. In all gel networks, strain stiffening behaviour was observed. Gels with lower
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crosslinking content sustain relatively larger strain prior to drop in shear modulus. For
example, maximum strain amplitude, that the networks can withstand, for gels with AAD
 10 mM was ~ 140% whereas gels with AAD  12.5 mM and 15 mM underwent to 0 ~
90% and 0 ~ 60%, respectively. This is in agreement with theory which gel network with
higher crosslink content has a lower degree of stretchability. I.e. increasing concentration
of AAD decreases contour length (lc) between crosslink points. In all chemically
crosslinked alginate gels considered here, drop of the viscoelastic properties in LAOS
experiment was clearly associated to fracture of the structure (Figure 5.2b). Macroscopic
fracture of the gels involve breaking of the covalently bonded network. The strain
amplitude recorded at fracture point for alginate gels is very similar to what is typically
observed for biopolymer gels.17,193,194
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Figure 5.2

Strain stiffening and fracture behaviour of alginate gels.

(a) LAOS measurements with different concentration of crosslinking agent (AAD  10
mM, 12.5 mM, and 15 mM) and (b) image of the gels after application of large strain (~
300%). Alginate concentration is  1 wt. % in all cases. The error bars represent one
standard deviation at small strain amplitude.
In order to further characterize the strain stiffening behavior of covalently
crosslinked alginate gels, intra-cycle oscillations prior to fracture were evaluated. Figure
5.3 displays shear stress as function of strain (2D Lissajous-Bowditch curves)
corresponding to the maximum strain amplitude that gels with different AAD content can
sustain. Different elastic modulus interpretation is also summarized in order to quantify
nonlinearity. Dash lines on the graphs are plotted for the purpose of comparison with
linear responses. The parameter GꞌM (also called tangent modulus) is the minimum elastic
modulus defined at zero strain amplitude,  = 0%, whereas GꞌL (also called secant
modulus) is the largest elastic modulus at the large strain amplitude,  = L %, Gꞌ1 is the
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first harmonic elastic stress response coefficient (also elastic modulus in Figure 5.2a,
collected from the instrument software) where stress signal is represented using either
Fourier series or Chebyshev polynomials of the first kind, and e3 is the third harmonic
elastic stress coefficient response if the stress signal is analysed using Chebyshev
polynomials of the first kind.34 Since Gꞌ1 is a measure of an average modulus throughout
oscillation, GꞌM, GꞌL and e3 provide complete insight in material response. In a linear
viscoelastic response, a uniform slop is maintained throughout elastic stress-strain curve,
i.e. GꞌM = GꞌL= Gꞌ1 and e3 = 0. However, in a nonlinear response this equality collapses
and e3 is either positive (strain stiffening) or negative (strain softening). In general, for a
strain stiffening material, GꞌL > GꞌM, i.e. e3 > 0.
Interestingly, chemical alginate gels behave very much like an elastic solid
despite the fact that the network contain 99% wt. solvent. The nearly absence of viscous
contribution in shear stress can be visually seen in shear stress –strain curves (Figure 5.3).
There is practically no area formed by the loop (also called hysteresis) in the 2D
Lissajous-Bowditch plots, i.e. a nonlinear line rather than a distorted ellipse. This is in
accordance with frequency sweep data (Figure 5.1b) where Gꞌ >> Gꞌꞌ, and Gꞌ is
independent of frequency. This behavior is different from ionic alginate gels, where
viscous contribution is more significant. It should be noted, this behavior is mainly due to
the nature of their crosslinking. It was previously shown that ionic alginate gels have a
fast stress relaxation whereas covalent alginate gels relaxes significantly slower.180 For
example, after being subjected to stress relaxation experiment, chemical alginate gels
nearly showed no internal relaxation during initial 10 sec.180 Due to the fact that time
scale in oscillatory experiment is much smaller than relaxation time, chemical bonded
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gels behaves similar to an elastic solid. Secant modulus, GꞌL, is much larger than tangent
modulus, GꞌM, in all cases due to the strain stiffening behavior. The relative quantity is
also shown in GꞌL / GꞌM ratio. For example, GꞌL / GꞌM  1.5 in gels with AAD  10 mM.
Since GꞌL / GꞌM ratio are calculated in different 0, there is no correlation can be obtained
for gels with different AAD content. e3 values are also a positive number as GꞌL / GꞌM > 0.
These confirm intra-cycle stiffening behavior along with inter-cycle stiffening which was
shown in Figure 5.2a.

Figure 5.3

Shear stress-strain (Lissajous-Bowditch) curves for alginate gels with
different AAD content.

Data corresponds to oscillation during the maximum stain amplitude that material can
sustain during LAOS measurement, i.e. for AAD  10 mM, 0 ~ 140%; AAD  12.5 mM,
0 ~ 90%; AAD  15 mM, 0 ~ 60%. All measurements conducted at ω = 0.5 rad/s. Dash
lines corresponds to linear elastic responses with the slope of GꞌM defined at zero strain.
Table presents different elastic parameters (obtained using MITlaos program) defined
from their corresponding stress-strain plots.
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Interestingly both ionically and covalently crosslinked jointed alginate network
exhibited negative normal stress when the materials are subjected to an oscillatory shear
deformation. Figure 5.4 displays shear and normal stress during applying four oscillatory
cycles for the gels. It should be noted that shear oscillatory measurement were applied
while a fixed gap ( 1 mm) was maintained. The measurement was recorded at nonlinear
rheological region and constant 0. We notified a similar values with respect to negative
normal stress for both chemical and ionic alginate gels while their shear stress are
comparatively similar.
It was shown previously, that the magnitude of negative normal stress in ionic
alginate gels also increases as a function of shear strain amplitude.138 Additionally, in
ionic alginate gels, a negative normal stress was always generated during gel formation
on a rheometer (~ -500 Pa). The differences between the data presented here and the one
reported before is the geometry diameter, 25 mm vs 20 mm used here. In addition. 1.5
mm geometry gap used before whereas a 1 mm gap was used in Figure 5.4. Similarly, we
observed an initial generated negative normal stress during gelation of ionic alginate gels
(~ 100 Pa). However, in chemically formed alginate gels, such negative axial force has
not been formed during in situ gelation. To compensate the generated negative axial force
during gelation in ionic gels, gap was reduced to make the axial force zero (~ 1-2 m)
prior to shearing. The magnitude of negative normal stress presents here is very much
different to that of shown before. Previously reported data indicated a negative normal
stress as much as that of shear stress at a similar strain amplitude (0 50%). It shows that
using bigger size of geometry generates higher magnitude of negative stress while shear
modulus is identical. The net axial stress in parallel geometry is calculated as σN =
115

2Fz/R2, where R is the radius of the geometry, and Fz is the normal force. However, in
parallel plates, shear deformation depends on the radial direction. Correspondingly, axial
force (Fz) differ at different position in radius direction.

Figure 5.4

Negative normal stress exerted in LAOS measurement for ionically and
chemically crosslinked alginate gels.

Measurement was performed with 20 mm parallel plates and a fixed geometry gap at  1
mm. Concentration of alginate is 1% wt. for both gels. Crosslinking agent content is
identical for ionic and chemical alginate gels ([Ca2+]  12.5 mM and AAD  12.5 mM).
Raw data was recorded using Auxiliary software provided by TA instrument.
5.3.2

Cavitation rheology
Fracture of the gels was conducted in a stepwise increasing cyclic load in the

above section, fracture behavior of alginate gels was also probed by applying a
monotonic load to grow a preformed circular crack inside gel using cavitation rheology
technique. Initial penny shaped circular crack is formed by a micron size needle (ID: 310
m and OD: 570 m) inserted in a casted gel. Monotonic load inside the crack is
conducted by compressing air as the cavitation medium. At the beginning of
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pressurization, the crack expanded very slowly and then at instability of the gels (so
called critical pressure, Pc), crack suddenly grows very rapidly which is along with
sudden drop in pressure signal. In order to capture this relatively fast incident, a high
speed camera with 5000 fps was used. Interestingly, the nature of crack growth depended
on the type and concentration of crosslinking.
Figure 5.5 displays the cavitation result for ionic and chemical alginate gels. In
general, critical pressure (Pc) increases as a function of crosslinking concentration. This
is the fact that Pc is correlated to the local elastic property. This is also in combination
with surface energy term require expansion of crack area. Prior to instability, gels were
stretched only to a very small strain (< 10%). However, after instability gel expanded
suddenly to a large degree (Figure 5.5). Note that, crack grows infinitely to a large size
which is much larger than the limiting strain captured in shear oscillation. It implies that
in all cases, defect growth involves fracture of the network. Interestingly, the shape of
the defect growth is very different. For example, in ionic alginate gels with [Ca2+]  10
mM, a spherical cavity was formed. By increasing [Ca2+] to 12.5 mM or more, gel failure
is characterized with a symmetric ellipse-shape fracture which grows horizontally (Figure
5.5a). In contrast, failure mechanism in chemical alginate gels is rather asymmetric in a
flat-planar shape (2D rather than 3D in ionic gels) with an acute angle to horizontal line.
The shape of fracture can be discussed in the context of different crosslinking system. At
instability point, crack plane suddenly grows and rupture the network across its plane. In
ionic alginate gels rupturing the junction zones is most favourable rather than braking
covalent bonds. It is likely that the behavior of growing crack is linked to the nature of
junction zones which is in planar shape. At [Ca2+]  10 mM, however, a spherical cavity
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is linked to the alginate network with unsaturated junction zones in calcium ions, i.e.
junction zones are relatively weak. This is also indicated on having a low Pc for ionic
alginate gels with [Ca2+]  10 mM. In chemical gels however, energy at instability point
is released by braking covalent bonds. Most probably it includes C-C bonds in
crosslinker molecules or C-O linker in alginate chains. The shape of the crack growth in
chemical gels are also similar to fracture in a brittle solid. This effect was also indicated
in shear oscillatory stress-strain curves. As it was discussed above, there is very small
area associated with energy dissipation due to the viscose contribution noted in chemical
alginate gels.

Figure 5.5

Cavitation rheology measurement as a function of crosslinker concentration
with 10 mg/mL alginate.

(a) Ionic alginate gels with [Ca2+]  10 mM,  12.5 mM, and  15 mM. (b) Chemical
alginate gels with [AAD]  10 mM,  12.5 mM, and 15 mM. Scale bar on the images
represent 1 mm. Gc was calculated from a linear circular-shape fracture mechanism,
where Gc  Pc 2 rs / Gꞌ. Pictures were captured with a high speed camera with 5,000 fps.
Gels were formed overnight in 20 mL vials prior to the measurements.
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Critical energy release rate (Gc) were also estimated from cavitation rheology. As
it was discussed, fracture events were involved in all gels. For most gel-like material with
single polymer network, Gc is in the range of 1-10 J/m2, and it increases for tough double
network gels to above 100 J/m2. In physically associated gels such as molecular gels, Gc
is about ~ 0.1 J/m2. It was previously derived that in a spherical fracture involved event,
Gc can be correlated with Pc such that; 𝐺𝑐 ≈

𝑃𝑐2 𝑟𝑠
𝜋𝐺 ′

where Gc is the critical energy release

rate, rs is the inner needle radius, and Gꞌ is linear shear modulus.39 It should be noted that
the above formula is based on linear fracture mechanism, i.e. fracture occurs at small
strain where material is linearly elongated. We also observed that initial crack only
expanded to a small degree (~ 10% which is smaller than stiffening strain) prior to
suddenly rapid growth. We applied the above relationship to calculated Gc. As plotted in
Figure 5.5, Gc, increases in ionic alginate gels with [Ca2+], whereas it remains relatively
unchanged in chemical alginate gels with different [AAD]. We should note that, only
ionic alginate gels with [Ca2+]  10 mM meets the cavity-like fracture with Gc ~ 2.2 J/m2
which is in the range reported earlier.240 The significantly increases of Gc in ionic alginate
gels with [Ca2+]  12.5 mM is mainly due the increases in junction zones in size and
density. Interestingly, calculated Gc is nearly constant for chemical alginate gels with a
fixed polymer chain content and varied crosslinker concentration. It is due to the fact that
increasing crosslinker concentration does not change the energy required for breaking
covalent bonds during crack growth.
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5.3.3

Small angle X-ray scattering (SAXS)
In order to correlate shear and cavitation rheological behavior with the molecular

structure we also performed small angle scattering on our gels. Stokke et al. extensively
explored the structural changes of alginate gels as a function of [Ca2+] and polymer
source.219,241 In addition, scattering behavior depends on the alginate source in ionic
gels.219,242 For the purpose of comparison, SAXS analysis were performed for both ionic
and chemical alginate gels (Figure C.10). The SAXS profiles (scattering intensity vs
scattering variable, I (q) vs (q), for ionic alginate gels indicated a structural changes as a
function of [Ca2+]. However, such changes were not observed in scattering behavior of
chemical alginate gels. Increases in intensity in ionic alginate gels as a function of [Ca2+]
is mainly due to the density fluctuation which mostly occurs in aggregated or crystalline
structure.
To quantify structural changes in ionic alginate gels as a function of [Ca2+], a
theoretical model was used to fit the SAXS measurements. It was shown that the rod like
model can be fitted to the scattering data in ionic alginate gels. In addition to that, the
empirical Debye-Bueche model was also included which in our gels account for spatial
inhomogeneity241,243 (see Fig. C.11). The scattering cross section for the model represents
as
2

2

𝑘𝑑
𝑘𝑖 𝐽1 (𝑞𝑅𝑖 )
+
∑
(
)[
] +𝑘
𝐼(𝑞)~
(1 + 𝑎2 𝑞 2 )2
𝑞
𝑞𝑅𝑖
𝑖=1

Where, a, k. ki and kd are adjustable parameters; J1 is the first order Bessel
function, R1 and R2 are rod radii. Figure 5.6 summarizes fitting the above function to the
scattering intensity as a function of the magnitude of scattering wave vector for ionic
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alginate gels with different [Ca2+]. For our fitting, no constraints were applied for the
parameters and similar initial guesses were used for all data. The model was reasonably
well fitted to the experimental data. The estimated values for R1 and R2 are presented in
Figure 5.6 for three different [Ca2+]. Interestingly, R1 and R2 increases in gels with [Ca2+]
10 mM to [Ca2+]  12.5 mM and to [Ca2+]  15 mM. A similar trend of increasing R1
and R2 as a function of [Ca2+] also reported in the literature. We noted that this increase is
very significant in gels with [Ca2+]  10 mM to [Ca2+]  12.5 mM. For example, R2
increases more than five times from 4.8 A° to 26.8 A° in gels when [Ca2+] increases from
 10 mM to  12.5 mM. However, R2 slightly increases from 26.8 A° to 30.4 A° when
Ca2+ was further added in to the system to  15 mM. The same trend also occurs with
respect to R1, although it is not significant as changes in R2. I.e. R1 is almost tripled from
2.3 A° to 6.4 A° in gels with [Ca2+] 10 mM to 12.5 mM, respectively, followed by
increases to 9.9 A° in gel with [Ca2+] 15 mM. R2 is most likely associated to the junction
zones radius, whereas R1 is the non-bonded chains between crosslink zones. Increasing R1
along with R2 may suggest that, we have crosslink junction zones with multiple radius.
The obtained fitting data also support macroscopic rheological observation. As it was
noted increasing [Ca2+] significantly changes the failure mechanism in cavitation
rheology with respect to Pc value and crack growth mechanism. For example, Pc
dramatically increases in ionic alginate gels when [Ca2+] increases from 10 mM to 12.5
mM.
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Figure 5.6

Small angle X-ray scattering data obtained for ionic alginate gels

Concentration of alginate is 10 mg/mL with (a) [Ca2+]  10 mM, (b) [Ca2+]  12.5 mM,
and (c) [Ca2+]  15 mM. Dotted lines corresponds the model fit to the experimental data.

5.4

Concluding remarks
Structure and nonlinear rheological behavior of ionic and chemical alginate gels

were discussed. Chemical alginate behave similar to elastic solid under LAOS
measurements whereas in ionic alginate gels there is an energy dissipation during gel
oscillatory deformation. Strain stiffening behavior was capture in both ionic and chemical
alginate gels under shearing measurements. Alginate gels exhibit a negative normal stress
with nearly a similar magnitude in ionic and chemical gels. Deformation behavior at
instability of the ionic alginate changes from [Ca2+]  10 mM to [Ca2+]  12.5 mM. This
is further linked to the dimensional growth in junction zones capture by SAXS.
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SUMMARY AND FUTURE DIRECTIONS
We have investigated the nonlinear mechanical behavior of soft gels using shear
rheology and a custom built setup, cavitation rheology. Different gels with varied
molecular structures were chosen. Particularly, a self-assembled triblock copolymer in a
mid-block selective solvent, a molecular gel, and polysaccharide type gels were
considered.
The self-assembled model gel considered here, exhibited strain stiffening
behavior akin to biological tissues, was chosen to capture the relationship between
elasticity and the critical pressure (sudden expansion of a preformed penny-shape crack
in a gel) obtained from cavitation rheology experiment. The sudden growth of cavity at
instability threshold was dominated by surface energy. The results have shown that
critical pressure associated to sudden growth of cavity in self-assemble triblock
copolymer gels in a midblock selective solvent could be predicted by using new-Hookean
model. However, the value of surface energy was high, mainly corresponds to chain pullout from aggregates. In order to minimize the surface energy, cavitation rheology could
be better performed using the solvent coexistence within a gel, as the pressurization
medium. In addition, surface energy term can be reduced as initial penny-shape crack
size increases. With these, failure mechanism is mostly dominated by elastically stored
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energy which provides a better indication of instability prediction in cavitation rheology
measurements.
A fibrous structure of a molecular gel at hydrated state was imaged using AFM. A loose
structure was formed which resulted in a relatively small critical energy release rate captured
during cavitation experiment. Aromatic interaction and hydrogen bonding were indicated as
major factors in self-assembly of di-Fmoc-lysine gelator molecules in organic solvent and water
mixture. A slight change in sample preparation was resulted in either strain stiffening or strain
softening behavior which signify the molecular arrangement. This system can be used as a
benchmark for future to understand the correlation between molecular arrangement and
macroscopic mechanical behavior in self-assembled gels.
Alginate gels with semiflexible polymer backbone has exhibited negative normal stress
when subjected to shear deformation. It was indicated that a possible relationship between the
strain stiffening behavior and negative normal stress during shear oscillatory is unlikely.
However, the origin of unusual observed negative normal stress remains an open discussion. One
possible future work could be modifying the chemical structure of alginate chains. For example,
stiffness of alginate chain can be modified using periodate oxidation reaction. Obtaining gels with
modified polymer of alginate with varied chain stiffness results in better understanding of
relationship between chain stiffness and macroscopic rheological behavior.
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A.1

Gelation temperature
Figure A.1 displays storage (Gꞌ1) and loss (G”1) moduli as a function of

temperature ramp during cooling at 2°C/min for a sample with polymer volume fraction
(ϕ) of 0.05. At T = 33 °C, Gꞌ1 = Gꞌꞌ1, is considered as the gelation temperature for this gel.

Figure A.1

Storage (Gꞌ1) and loss (G”1) moduli as a function of temperature during
cooling at 2°C/min.
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A.2

Modulus Independency of geometry
Figure A.2 compares the results obtained from 25 mm parallel plate and cone-

plate geometries. Both these results are comparable.

Figure A.2

A.3

Storage (Gꞌ1) and loss (G”1) moduli for parallel and cone plate geometries;
22°C, ϕ = 0.05.

Moduli as a function of frequency
Figure A.3 displays the results from frequency sweep tests at different strain

amplitude values (0 = 0.5, 10 and 200%) and temperatures (22°C and 6°C).
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Figure A.3

A.4

Storage (Gꞌ1) and loss (G”1) moduli as a function of frequency a) 6°C and
b) 22°C. (ϕ = 0.05).

Fracture of gel under shear deformation
Figure A.4 displays the initiation and propagation of fracture in the bulk gel

captured using a high-speed camera.

Figure A.4

Micrographs of fracture initiation and propagation during the LAOS test,

1) zero strain value, 2) initiation of a defect or localized failure, 3-8) propagation of
failure until the ultimate fracture. (ω = 1 rad/s, ϕ = 0.05, T = 22°C).
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A.5

Effect of polymer volume fraction on rheological behavior
Figure A.5 displays storage modulus from LAOS experiments for different

polymer volume fraction (ϕ). Increasing polymer concentration results in increasing
elastic modulus.

Figure A.5

Elastic moduli for different polymer volume fractions (ϕ) at 22 °C and at a
frequency of 1 rad/s.
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A.6

Prediction of elastic modulus using surface energy of solvent
For neo-Hookean gel, Pc 

5
2
(Eq. 2.17) and considering surface energy
E
6
rin

of pure solvent (0.026 J/m2), the estimated Young’s modulus (Ecavitation) is found to be
higher than that measured by shear-rheology (Erheology) . Figure A.6 shows the ratio of
Young’s modulus estimated from cavitation experimental data using Eq. 2.17 (Ecavitation)
and that obtained from shear-rheology (Erheology) for different temperatures, and
compression rates.
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Figure A.6

Ratio of shear-moduli estimated from cavitation data with respect to that
obtained from shear-rheology for different temperatures, and compression
rates.

Here, shear modulus G = E/2(1+ υ), where υ is poison ratio, considered to be equal to 0.5.
Eq. 2.17 with  = 0.026 J/m2 (surface energy of pure solvent) was used to estimate
Ecavitation.

151

PROBING GELATION AND RHEOLOGICAL BEHAVIOR OF A SELFASSEMBLED MOLECULAR GEL

152

B.1

Gelator phase diagram

Figure B.1

Gelator phase diagram in (a) 1-propnaol-water, (b) DMF-water, and (c)
acetone-water
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B.2

Solvent parameters

Table B.1

Hansen solubility parameters for different organic media used in a binary
mixture.
Solvent
DMF
DMSO
Acetone
1-Propanol
Methanol
Ethanol
Water

Table B.2

Hansen Solubility Parameters (HSPs)
(MPa0.5)
δdispersion
δpolar
δH-bond
17.4
13.7
11.3
18.4
16.4
10.2
15.5
10.4
7.0
16.0
6.8
17.4
15.1
12.3
22.3
15.8
8.8
19.4
15.5
16.0
42.3

Kamlet-Taft solvatochromic parameters* for solvents.

Solvents
*


DMSO
0.00
0.76
1.00
DMF
0.00
0.69
0.88
Acetone
0.08
0.43
0.71
1-Propanol
0.84
0.90
0.52
Ethanol
0.86
0.75
0.54
Methanol
0.98
0.66
0.60
Water
1.17
0.47
1.09
*Kamlet-Taft solvatochromic parameters consist of dipolarity/polarizability(*),
hydrogen bond donating or acidity(), and hydrogen bond accepting or basicity().
Table B.3

I3/I1 ratio of pyrene in neat solvents
Solvent
1-propanol
Ethanol
Methanol
Acetone
DMF
DMSO
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I3/I1
1.09
1.18
1.35
1.64
1.81
1.95

B.3

Molecular gel nanostructure

Figure B.2

TEM images of a gel in 1-propanol-water. Gelator concentration is 1.7 mM
and ϕ1-propanol  0.26.

Figure B.3

TEM images of a gel in DMSO-water mixture. Gelator concentration is
3.4 mM and ϕDMSO  0.20.
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B.4

Fourier transform infrared spectroscopy of the gelator molecules

Figure B.4

FTIR spectra of di-Fmoc-L-lysine powder.
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B.5

Shear rheology

Figure B.5

Elastic and viscous modulus as a function of frequency at gel point. Dashed
lines represent a linear fit.
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Figure B.6

The inset in figure 3.7c. Shear modulus as a function of time for different
frequencies.
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Figure B.7

The vertical dashed line represents change in slope of shear modulus.
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Figure B.8

Fracture after strain sweep experiments. Gelator concentration is 3.4 mM
and ϕ1-propanol  0.26.

Figure B.9

Creep and creep-recovery results.

a) Creep response with applied shear stress is 5 Pa, and b) creep recovery behavior.
Concentration of the gelator is 3.4 mM and ϕ1-propanol  0.26.
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B.6

Cavitation rheology

Figure B.10 System pressure as a function of time in a cavitation experiment. Scale bar
in the images represents 1 mm.
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STRAIN STIFFENING AND NEGATIVE NORMAL STRESS IN IONIC ALGINATE
HYDROGELS
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C.1

Schematic of the in situ set-up
To control water evaporation during in situ gelation, the geometry (upper and

bottom plates) was placed in a closed environment, as shown below (Fig. C.1).

Figure C.1

Schematic of the in situ gelation set-up.

Petri dish was filled with water to reduce the sample dehydration.
C.2

Gelation of ionic alginate gel
Figure C.2 displays the first harmonic elastic and loss moduli (Gꞌ1 and Gꞌꞌ1) and

tan δ (defined as Gꞌꞌ1/Gꞌ1) as a function of time capturing the gelation of an alginate
solution.
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Figure C.2

Evolution of Gꞌ1, Gꞌꞌ1, and tan δ as a function of time.

The dynamic moduli are measured in small amplitude oscillatory shear (0 = 0.1 %) and
frequency of 0.5 rad s-1. Alginate concentration is 10 mg/mL and [Ca2+]  12.5 mM.
C.3

LAOS on a casted hydrogel sample
Figure C.3 displays storage (Gꞌ1) and loss (Gꞌꞌ1) moduli as a function of strain

amplitude. Adhesive backed sand papers were used for both fixtures.
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Figure C.3

Storage (Gꞌ1) and loss (Gꞌꞌ1) moduli as a function of strain amplitude

Data represents for a casted gel sample with alginate concentration of 10 mg/mL and
[Ca2+]  12.5 mM. Experiments were conducted at 22°C and at a frequency of 0.5 rad s-1.
C.4

LAOS results
Figure C.4 displays storage (Gꞌ1) and loss (Gꞌꞌ1) moduli as a function of strain

amplitude. Gꞌ1 values are also presented in Figure 4.3a.
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Figure C.4

Storage (Gꞌ1) and loss (Gꞌꞌ1) moduli as a function of strain amplitude

Hydrogels contains 10 mg/mL of alginate with varying Ca2+. All experiments were
conducted at 22°C and at a frequency of 0.5 rad s-1 (same Gꞌ1 data are presented in Fig.
4.3a)
C.5

Frequency sweep results
Figure C.5 displays the results from frequency sweep tests.
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Figure C.5

Storage (Gꞌ1) and loss (Gꞌꞌ1) moduli as a function of frequency

Alginate concentration is 10 mg/mL and [Ca2+]  10 mM, 12.5 mM at 22°C, and 0 = 1%.
C.6

Development of composite stress-strain curves from Lissajous plots
Figure C.6 displays estimated elastic contribution of total stress. A composite

stress-strain curve is obtained for two selected strain amplitude values 0 = 6 % (linear
region) and 0 = 25 % (nonlinear region). Figure 4.4 was obtained using this protocol
considering six stress-strain cycles with increasing strain amplitude values.
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Figure C.6

Estimation of the elastic contribution (dotted line) of total stress (solid line)

MITloas software was used for the strain amplitudes of a) 0 = 6%, b) 0 = 25%; c, d) the
corresponding elastic curves.
C.7

Shear modulus as a function of Calcium concentration
Figure C.7 displays linear elastic modulus of alginate casted gel as a function of

Ca2+ concentration.
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Figure C.7

C.8

Linear elastic modulus of alginate gel with alginate concentration of 10
mg/mL as function of Ca2+ concentration.

Positive normal stress in PMMA-PnBA-PMMA copolymer gel
Figure C.8 displays the normal and shear stresses for a PMMA-PnBA-PMMA gel

(5 vol %) during oscillatory shear test at a constant strain amplitude of 150% (in
nonlinear regime) over multiple strain cycles. The triblock copolymer gel display a
positive normal force. Samples were loaded at temperature of 60 °C (in liquid state) and
then were cooled down to room temperature followed by adjusting the axial force to zero
(by changing gap). Adhesive backed sand papers were used for both fixtures.
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Figure C.8

Shear stress and corresponding normal stress as a function of time during
an oscillatory shear experiment for PMMA-PnBA-PMMA gel

Frequency of measurements is 0.5 rad/s, strain amplitudes (0) of 150%, and temperature
of 22°C.
C.9

Rheo-PIV set-up

Figure C.9

A particle image velocimetry (PIV) system was assembled in our lab and
coupled to the rheometer, DHR2.

170

C.10

SAXS data for ionic and chemical alginate gels

Figure C.10 Scattering intensity vs. the magnitude of the scattering vector determined
by small angle X-ray scattering from (a) ionic and (b) chemical alginate
gels with different crosslink concentration.
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C.11

Structure of ionic alginate gels

Figure C.11 TEM image of ionic alginate gel
It demonstrates structural inhomogeneity with respect to mesh size which ranges between
~ 5 nm and more than 300 nm. [Ca2+] is 12.5 mM.
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